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Abstract
Phosphorus is an essential nutrient taken up by plants in the form of phosphate
and is a component of key molecules, such as ATP, DNA, and RNA, and is one of the
most frequently limiting macronutrients for plant growth. More than 80 % of phosphorus
found in soil exists as non-inorganic forms and is unavailable for plant uptake,
demonstrating the importance for genes induced to cope with phosphate starvation,
including high-affinity phosphate transporters (Phts). Phts are membrane-localized
transporters involved in the transport of phosphate and arsenate and have a high capacity
for transporting phosphate in areas where phosphate concentrations are low, behaving as
the main mechanism of phosphate uptake by plants. The Pht1 family in Arabidopsis
thaliana contains nine members, of which AtPht1;1 (Pht1;1) and AtPht1;4 (Pht1;4) have
been shown to be the major transporters involved in phosphate acquisition from soil.
Membrane transporters often function as oligomeric complexes. In plants, there is
evidence that oligomerization of transporter isoforms is an important aspect of transport
function and influences dynamic regulation. Prior studies have illustrated the importance
of the role of higher-ordered plant membrane transporters in uptake regulation however,
the potential oligomerization and functions of oligomerization among Phts has not been
formally investigated. This research demonstrates the formation of Pht higher-order
structures and suggests a function for this association in phosphate and arsenate uptake.
In vivo and in vitro protein interaction assays that comprised of split luciferase
complementation of transformed protoplasts, yeast-based split ubiquitin and yeast-twohybrid assays, and immunoprecipitation assays of root microsomal proteins confirm that
Pht1;1 and Pht1;4 form homomeric and heteromeric structures. Furthermore, the

ix

mutation of Tyr312 in Pht1;1 was found to disrupt homomeric interactions as well as
contribute to an increased phosphate uptake rate that exceeds wild-type capacities by five
times. Transgenic plants expressing Pht1;1Y312D were shown to have improved
phosphate-deficient and arsenate tolerance compared to Pht1;1-overexpression lines. As
interaction and uptake capacities are affected, it is likely that Tyr312 plays a role in the
selection and regulation of phosphate and arsenate acquisition.

x

Chapter 1. Introduction
Incentive to understand plant nutrient uptake
Modern day agricultural concerns, including climate change and the depletion of
natural resources, have led to the applied study of sustainable and viable crop production.
The engineering and breeding of such agricultural products is at a high demand as
humanity continues to populate, cultivate, and pollute (Tilman et al., 2001; Tilman et al.,
2002). In an effort to produce an abundant and well-maintained food supply, a majority
of biological and agricultural research is dedicated to understanding plant tolerances.
Plants may naturally evolve to maintain tolerances to drought, pathogenic blights, and the
exhaustion of nutrients and minerals. However, the expectations of the world population
to reach 9 billion by 2050 will not subside in prospect of these natural selections to occur
(Tilman et al., 2001; Dawson and Hilton, 2011).
The diversity of the world environments involved in the cultivation of the most
produced and consumed crops, including rice, wheat, corn, and potatoes, share common
complexities and stresses. Abiotic and biotic stresses initiate a plant’s many biological
coping mechanisms. These mechanisms involve changes to a plant’s growth and
development at molecular and physiological levels. The understanding of a plant’s
response to abiotic stresses is of interest in light of the expectations of climate change
that may provoke drought, high temperatures, and the depletion of resources. Inorganic
and organic macro- and micronutrients in fertilizers improve and enhance plant growth
by behaving as supplements to nutrient-depleted soils. Depending on the requirements of
soil composition for particular crops, most fertilizers encompass an N:P:K ratio
(nitrogen:phosphorus:potassium), three essential plant macronutrients (Amtmann and
Blatt, 2009).
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N:P:K
Nitrogen (N) is important for overall plant development: the building of
nucleotides, amino acids, and proteins; as a major component of chlorophyll; and crop
yield (Buchanan et al., 2000; Dechorgnat et al., 2011; Gutierrez, 2012). Various forms of
inorganic N are present in the soil and taken up by multiple transport systems, including
ammonium and nitrate (Howitt and Udvardi, 2000; Orsel et al., 2006; Tsay et al., 2007;
Dechorgnat et al., 2011), yet fertilizers remain the primary source of available N for
crops. The conventional use of N fertilizers has caused a serious global problem. N cycles
from the soil to water and air by undergoing N fixation, conversions to different forms of
N, and volatilization (Buchanan et al., 2000; Fields, 2004). Unused N can lead to
leaching, or the contamination of groundwater, and add to N gases in the atmosphere,
causing detrimental effects to the environment (Tilman et al., 2002; Gutierrez, 2012). The
current understanding of transport systems involved in N assimilation from the soil will
be discussed later.
Quite opposite from N, potassium (K) does not cause leaching concerns but rather
availability is limited due to attractions with negatively charged clay minerals and
organic matter (Sharpley, 1989). In addition, K is not metabolized like N and phosphorus
(P); rather, K remains in its ionic form throughout plant growth and development.
Absorbed from the soil through potassium ion (K+) carriers and channels at the plasma
membrane (PM) of root cells, K plays an important role as an osmoticum as well as in
balancing charges of anions (Hirsch et al., 1998; Buchanan et al., 2000). As osmolytes,
K+ ions drive plant growth by maintaining a secure increase in the water content of the
plant (Cui, 2012). K+ flux meanwhile balances ion fluxes that enable ATP synthase, H+-
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ATPases, and H+ co-transport systems, activities that can be directly associated with the
regulation of K+ channels by external pH (Amtmann and Blatt, 2009).
While P in the soil exists in various forms, more than 80 % of the total P soil
content is present in organic pools and unavailable for plant acquirement (Schachtman et
al., 1998). Inorganic phosphate (Pi) concentrations readily available for plant uptake
measure at a range of 0.1 µM to 10 µM in the soil (Buchanan et al., 2000). Pi assimilation
proves to be difficult because of the minimal obtainability of active P; the facility of Pi to
interact with cations, e.g. Fe and Al, to form precipitated and insoluble compounds; and
its slow rate of diffusion (10−12 to 10−15 m2s−1) in the soil that ultimately prevents
compensation of Pi-depleted areas around the roots caused by a plant’s high uptake
(Schachtman et al., 1998). Pi exists as H2PO43- at low soil pH or HPO42- at high soil pH
and is most available between a soil pH of 6 to 7 as the pKa of Pi is 7.21. As a rule of
thumb, when the pH of soil is less than or greater than the pKa of an acid, availability
decreases. Thus, alkaline soils with a pH above 7.2 and acidic soils with a pH below 5.5
allow P to be more disposed to insoluble forms (Shuman, 2000).
Downstream impacts of excavating and utilizing phosphorus
Of the primary essential nutrients needed for balanced plant growth, the supply of
P sources is limited because of non-renewable attributes (Dawson and Hilton, 2011). Pi
rock is mined from sedimentary and igneous rock preserves, where, according to a 2004
report from the Food and Agriculture Organization of the United Nations, 72 % mined Pi
rock is extracted from four world producers: the United States, China, Russia, and the
Western Sahara (Zapata and Roy, 2004; Mehmood et al., 2009). Such limitations in
producers and resources, in addition to the rise in transportation rates, have increased the

3

cost of mining, processing, and exporting. Furthermore, recent concerns involve the
treating and removal of heavy elements often present in high amounts in Pi rock,
including uranium (U), arsenic (As), cadmium, and lead (Pb) (Mehmood et al., 2009).
Concentrations of heavy metals are dependent on the type and origin of the Pi preserve
(Mehmood et al., 2009). For example, studies have shown that shale, clay, and
phosphorite have elevated levels of As, while sandstone, limestone, and igneous rock
have lower total As concentrations. Methods to remove heavy metals from Pi ore to
comply with environmental regulations to produce pure, raw quantities of P while
maintaining effective economic sustainability are limited and still being studied.
The increased accumulation of P in soil and aquatic systems is a direct result of
the inescapable global need to constantly cycle P: from mining and transportation to its
usage for agricultural purposes (Bennett et al., 2001); as more Pi is excavated and used,
the more concentrations of Pi present in top soils and water systems increases.
Alternatives to exogenous Pi have been studied because of the environmental impacts of
P derived from fertilizers, including a link between excess P, along with N, and waterway
“dead zones” (Vaccari, 2009; Shen et al., 2011). In fact, additional restrictions are
currently being petitioned to alleviate the growth of algal blooms in the Gulf of Mexico,
where pollution of excess P and N contributing to this static area is produced by
commercial and residential agricultural and landscaping treatments along the Mississippi
River (Joyce, 2000; Fields, 2004; Carpenter, 2008).
Removal of fertilizer run-off and its heavy metal residues
The effort to reduce environmental effects of fertilizers expands beyond the
problems of first world countries. Tactics to manage the over-accumulation of nutrients,
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such as P and N, and toxins in soils and waterways in developing countries has involved
the usage of plants and the development of ecofriendly wetlands to regulate runoff and
heavy metal pollutants as well as wastewater treatment (Denny, 1997; Crisman, 2001;
Kivaisi, 2001; Liu et al., 2008a). Heavy metals, including toxic elements such as As, Al,
Cd, Cu, Pb, and Zn, exist naturally in soils (Alloway, 2010). However, lands lost to
industrialization and poor agricultural maintenance, such as negligence of soils
previously treated with As-based pesticides, further contribute to stressed and marginal
environments (Makris et al., 2006; Wenzel, 2010). The development of remediation
approaches is as important to upholding with human demands as the ongoing research on
sustainable crop for food consumption. Remediation strategies have been implemented at
a global level in an effort to respond to environmental pollutions in an ecological and
sustainable manner to remove and reduce contaminates from soil, air, and water.
Traditional methods for removing contaminated soils has included excavating materials
using heavy machinery and transporting soils to hazardous waste sites, a disruptive
process further disturbing the environment.
Phytoremediation
The strategy behind incorporating plants with the capacity of absorbing,
tolerating, and removing toxic components from soil or water is known as
phytoremediation. The benefits of phytoremediation studies outweigh the traditional
removal of toxins by including approaches to generate plants with increased toxicity
tolerances. In order to achieve these goals of removal and resistance, a molecular
knowledge base in transport and tolerance mechanisms need to be determined. Naturally
existing heavy metal hyper-accumulating plants have provided the framework to
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understand plant tolerance mechanisms (Pence et al., 2000; Wang et al., 2002). Thlaspi
caerulescens, for example, has superior accumulation capabilities for Zn and Cd (up to
30,000 ppm Zn, 1,000 ppm Cd) with slight to no observable toxicity symptoms, levels
that surpass the threshold accumulation of typical plants (100 ppm Zn, 1 ppm Cd) (Pence
et al., 2000). While such tolerances have been linked to consistently active Zn transport
and translocation mechanisms (White et al., 2002), the hyper-accumulation and tolerance
of species belonging to the Pteridaceae family of ferns, such as Pteris vittata, has been
shown to hold 200-times more As than common plants (20,000 mg As/kg), where
accumulation is associated with root Pi transporters and vacuolar arsenite transporters
(Wang et al., 2002; Indriolo et al., 2010).
Plant arsenic uptake
As is ubiquitously known for its toxic effects to biological entities and the
environment, i.e. As decouples cellular metabolism and As-poisoned drinking water and
irrigation water. As exists naturally in soils in several oxidation states: +V, +III, 0 and –
III (Zhao et al., 2009; Wenzel, 2010). In addition to existing in multiple forms, aerobic
and anaerobic conditions further contribute to the association of As with secondary
minerals. For example, under anaerobic soil conditions, such as those occurring in
flooded rice-paddy fields where an increased As bioavailability exists, the main As
species available includes undissociated arsenous acid, such as interactions between As
and sulfides (Wenzel, 2010). Within oxidizing environments, the pentavalent form of As,
known as arsenate (AsV), is most stable and prevalent (Wenzel, 2010).
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Figure 1. The structures of phosphate, arsenate, and arsenite
Various physicochemical similarities exist between Pi and AsV, including nearly
identical pKa values, similar atomic size, and similar charged oxygen atoms. Because of
these commonalities, Pi transporters are not able to distinguish between Pi and AsV ions
and thus exhibit transport of both. AsV is the most stable As species in oxidizing
environments; AsIII is most prevalent in anaerobic soils with plant uptake occurring
through aquaporins and the silica uptake system.
In addition to a small amount of organic As species, inorganic forms of As, which
includes AsV and arsenite (AsIII), are most commonly found in plants. Plant root
systems are able to transport AsV and AsIII from the environment through Pi transporters
and aquaporins, respectively. Following uptake, AsV is rapidly reduced to AsIII; in
coordination with glutathione and related thiols, e.g. phytochelatins, most of the As is
either released back into the external medium or sequestered by cells for detoxification in
vacuoles (Zhao et al., 2009). As uptake at the root PM by Pi transporters and aquaporins
is made possible because of the chemical similarity of As with P, in addition to the
permeability of AsIII by aquaporins and carrier proteins that mediate silicon uptake
(Figure 1) (Zhao et al., 2009). The physicochemical similarities between Pi and AsV
include similar charged oxygen atoms, atomic radii (2.8 % difference), and acid
dissociation constants (pKa Pi = 7.21; pKa AsV = 6.76) (Wenzel, 2010). These
commonalities imply that the ability for cells to distinguish between PO43- and AsO43ions resides on the accuracy of post-uptake mechanisms. The contribution of the Pi
transporter system to As accumulation, however, varies among plant and crop species due
7

in part because the soil chemistry of As is more diverse than that of P. Thus, the capacity
for plants to uptake As through different systems and the ability for As to exist stably in
multiple environments adds to the complexity in deciphering plant As uptake and
discrimination mechanisms.
As previously mentioned, As assimilation depends upon environment, i.e. aerobic
or anaerobic, and a plant’s susceptibilities to uptake at the root system. In the case of rice,
susceptibilities to AsV are mostly due to a composite of environment and root surface.
Despite AsIII being most prevalent in flooded soils, oxidation of AsIII to AsV at the roots
of rice may occur, generating accessible AsV for the Pi transport pathway (Wu et al.,
2011). In addition, the release of oxygen by aquatic plant roots, like rice, contributes to
the formation of iron plaque and as a result the precipitation of iron-oxides on the root
surface- implementing a strong absorptive capacity for AsV and increasing phosphatearsenate competition (Zhao et al., 2009; Wu et al., 2011).
Plant membrane transport proteins
The diversity of components that make up the biological PM provides a cell with
assured protection and selectivity. Of the units that compose this “mosaic” entity, integral
membrane proteins having access to the intra- and extracellular interface of the bilayer
with ion transport capabilities play a role in nutrient uptake and distribution. The three
classes of PM transport proteins, which include pumps, channels and transporters, are
categorized based on their source of energy and the manner in which molecules are
transported and released (Figure 2). These proteins have restricted movement within the
PM, which has a width of approximately 30Å, and are therefore not able to
counterbalance freely within the membrane structure. In the case of transporter proteins,
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the span of α-helical transmembrane domains across the membrane are comprised of 2030 amino acid residues, amino acids are approximately 1.5Å, with about 3 to 7 residues
extending the membrane on each side (Buchanan et al., 2000). The most polar residues
are found at the surfaces that overhang from the membrane near the polar heads and
within the cavity responsible for ion transport. Whether by passive or active transport, as
will be further defined in the next section, nutrient ions that pass through the plant root
system reach the xylem for further transport to the remaining parts of the plant through
means of transpiration.

Figure 2. Three classes of plasma membrane transport proteins
Pumps, ion channels, and transporters are the classification of transport proteins involved
in substrate and ion passage and transport. Transport proteins are further categorized
upon the direction and flow of the ion/substrate: uniporter, symporter, or antiporter. This
image was taken from a previous publication (Lodish et al., 2008).
Aside from transporting mechanisms, transporter proteins may also be
characterized as transceptors. Separate from transporter function, cells are capable of
sensing the presence of nutrients in their environment. As transceptor proteins,
transporters act as sensors and are able to initiate a signaling chain that controls cellular
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reactions. Although little is known on how plants sense changes in the concentration of
nutrients in the soil, previous studies have observed transceptor qualities in various
transporters, including plant potassium channels, nitrate and ammonium transporters, and
a yeast high-affinity Pi transporter (Ho et al., 2009; Cui, 2012; Sun et al., 2014). Often,
these specialty abilities are at the control of post-translational modifications triggered by
nutrient availabilities.
Pumps, Channels, and Transporters
Pumps, such as proton (H+), sodium (Na+), and calcium (Ca2+) pumps, are primary
active transporters that usually respond to ATP hydrolysis, i.e. the hydrolysis of ATP to
ADP and a free Pi ion, and thus use ATP as a source of energy to move substrates against
a concentration or electrochemical gradient across the PM. The PM H+-ATPase pump,
also known as the proton motive force, generates free energy for usage in the secondary
active transport of substrates by transporter systems. H+-ATPase creates a gradient by
driving the concentration of H+ across the PM towards the extracellular space, increasing
the amount of positive ions on the exterior of the cell and simultaneously generating a pH
gradient. Channels mediate the passive transport of water and ions, occurring through
diffusion, where an energy source is not needed, and includes K+ Shaker channels, Ca2+
channels, and anion channels. Such integral proteins are usually low-affinity, operating at
higher external concentrations, and with a high capacity of up to 108 molecules per
second (Cuin et al., 2008). Uniporters facilitate the transport of molecules via passive
transport along a gradient and exist often as channels (Figure 2). The transport of K+ by
the Shaker K+ channel family, for instance, is mediated by a voltage-dependent gate
mechanism controlled by the availability of K+ outside the cell. Shaker channels drive K+
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flux through the channel by conformational changes (i.e. the opening and closing of the
channel) coupled to this “voltage sensor” to mediate K+ uptake (Amtmann and Blatt,
2009).
Transporters use a concentration gradient activated by primary active transporters,
such as H+ obtained from H+-ATPases, as their energy source to drive the active,
secondary transport of substrates. For example, the energy of transport across Pi
transporters is supplied by a H+ gradient that induces depolarization and promotes the
alkalization of the medium for the transport of Pi ions (Lodish et al., 2008). In the case of
Pi transport, the proton flux per Pi ion is estimated to be 2 to 4 protons per Pi ion (Smith
et al., 2000). Conformational changes of the transporter protein are required for the
movement of each substrate molecule. As a result, transport across carrier proteins move
at a lower rate than the facilitated diffusion of ions by channels (102-104 molecules per
second) (Lodish et al., 2008). Secondary active transporters can be classified into two
subcategories: antiporters, and symporters. Unlike uniporters, antiporters and symporters
transport substrates against the concentration gradient, and thus must be coupled with an
inward diffusion of protons (Figure 2). While both groups can be considered “cotransporters”, an antiporter transporter simultaneously transports two distinct molecules
in opposed directions across the membrane- an advantageous attribute because this
maintains a balance of substrates between the intra- and extra-cellular compartments. As
symporters, Pi transporters, mentioned previously, transport coupled H+ and PO43- ions
across the membrane in the same direction. With symporters, the identical direction of
proton and substrate flux is a requirement of the substrate site, i.e. conformational
changes of the transporter can only occur when both are simultaneously present.
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Transporter kinetics
Transporters can be analyzed similarly to enzymes in regards to their kinetic
properties (Buchanan et al., 2000). Such a model can be generated because it assumes the
existence of an instantaneous binding of substrate to the transporter. Unlike enzymes
however, transporter proteins are capable of binding substrate on either side of the
membrane, which ultimately provides the driving force of uptake by the transporter. The
activities occurring through means of passive and active transport resembles patterns of
Michaelis-Menten kinetics, which describes the rate of reaction of a transporter by
relating its reaction rate to the concentration of the substrate (Buchanan et al., 2000).
Accordingly, the velocity of transport by the carrier proteins adheres to the MichaelisMenten equation:
𝑉𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡   =   𝑉𝑚𝑎𝑥  ×  

[𝑆]
𝐾𝑚 + [𝑆]

where Vtransport is the rate of transport, Vmax is the maximum rate of transport reached at
high substrate concentrations, Km is the Michaelis-Menten constant and ½ of the rate of
Vmax, and [S] is the substrate concentration. Lineweaver-Burk plots can be used to
graphically analyze the Michaelis-Menten terms Km and Vmax. Km values are able to
establish the binding affinity of the transporter, i.e. high-affinity and low-affinity. For
instance, the smallest Km values are indicative of the highest affinity, where a transporter
is most effective in uptake at low substrate concentrations. Thus, while high-affinity
transport Km values are often measured in the micro-molar (µM) range, low-affinity
transporters measure Km values in the millimolar (mM) range. The transport values of Km
and Vmax provide biochemical interpretations as to the functional roles of transporter
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proteins and are often further manipulated, e.g. by mutagenesis, to determine substrate
selectivity, transport, access, and translocation.
Dual-affinity transporters have been observed and are associated with possessing
low-affinity and high-affinity uptake mechanisms by means of biphasic kinetics usually
at the direction of post-translational modifications triggered by upstream signaling
components. These capabilities allow transporters to function across a wide range of
concentrations and may be associated with transceptor qualities of some transporters, as
mentioned previously (see Plant membrane transport proteins). KUP1 and NRT1.1, a root
localized K+ transporter and nitrate transporter from Arabidopsis, respectively, have been
observed to display such biphasic affinity patterns. KUP1 transition from high-affinity to
low affinity uptake has been detected within the 100µM to 200µM range, where the Km
values measured at both activities were 44µM and 11mM, respectively (Fu and Luan,
1998). Most recently, NRT1.1 biphasic kinetics capabilities were identified for highaffinity (50µM) and low-affinity (4mM) systems following uptake activity assays (Figure
3) (Sun et al., 2014).

Figure 3. Biphasic kinetics of a nitrate transporter from Arabidopsis
Nitrate uptake assays by the Arabidopsis dual-affinity nitrate transporter NRT1.1 in
Xenopus oocytes identified biphasic kinetic phases. This image was taken from a
previous publication (Sun et al., 2014).

13

Figure 4. Schematic of a typical 12 TM MFS transporter
MFS proteins make up the largest group of secondary active transporters and have a 12TM or 14-TM structure. The two helical domains of MFS proteins (i.e. N-domain and Cdomain) are linked by a large hydrophilic loop, which forms the cavity of the transporter.
Both termini are localized intracellularly. In the case of the plant Pht represented here, the
protein can be found embedded within the PM of root epidermal cells. This image was
taken from a previous publication (Smith et al., 2000).
Major Facilitator Superfamily transporters
Major Facilitator Superfamily (MFS) proteins, previously known as the uniportersymporter-antiporter family, have been reported to be one of the largest families of active
carrier transport proteins, alongside ATP-binding cassette (ABC) transporters, to exist
among members of all phyla (Pao et al., 1998). Comprised of approximately 25 % of all
transport proteins, MFS proteins are characterized by their exclusively secondary active
transport capabilities, 12- or 14- transmembrane (TM) spanning domains, and MFSspecific motifs (Figure 4) (Pao et al., 1998; Reddy et al., 2012; Yan, 2013). MFS proteins
have been classified into 17 families based upon their mechanisms (i.e. symporter or
antiporter), number of TM domains, polarities, and substrates transported (Pao et al.,
1998). The significance of the structure of MFS proteins, which predominantly are
structured as two groups of 6-TM domains linked by a large hydrophilic loop, is thought
to be in their origin. It has been suggested that the 6-TM repeat unit of MFS proteins
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originated from the triplication of 2-TM structures; the duplication of those 6 TM
domains are proposed to have duplicated to yield the classic 12-TM structure associated
among MFS proteins (Reddy et al., 2012). Movement of MFS transporters has not been a
consistent attribute among MFS transporters, yet conformational changes of the proteins
has been reported to occur in at least one manner: by a ‘rocker-switch’ mechanism
(Pedersen et al., 2013).
Biochemical techniques and crystallography have enhanced understandings of
MFS function, structure, and mechanics. MFS proteins with known crystal structures and
extensive biophysical analysis often serve as templates for unsolved MFS proteins
(Figure 5). Characteristically, the outward faces of the TM helices having contact with
the hydrocarbon core of the membrane are comprised of nonpolar amino acids while the
inwards faces facing the substrate binding site encompass polar residues. LacY, an
H+/lactose symporter from Escherichia coli, is a well-characterized MFS transporter.
Classified as a member of the oligosaccharide:H+ symporter family, LacY has been
observed to be relatively dynamic with distinct functional attributes embodied by the
amino (N-) and carboxy (C-) helical domains; while the N-domain is involved in
substrate recognition, the C-domain mediates proton translocation (Abramson et al.,
2004; Kaback et al., 2011; Pedersen et al., 2013). The LacY structure has been compared
to the conformation of EmrD, an E. coli MFS and multidrug resistance transporter. EmrD
is a H+ dependent transporter responsible for the efflux of oxidative phosphorylation
uncouplers and transport of detergents and is a member of one of the two drug efflux
families classified as MFS transporters (Pao et al., 1998; Yin et al., 2006).
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Figure 5. Crystal structures of MFS transporters
Striking similarities in architecture have been observed among MFS transporters,
including P. indica PiPT (top left; PDB: 4J05), A. thaliana NRT1.1 (top right; PDB:
4OH3), E. coli EmrD (bottom left; PDB: 2GFP), and E. coli LacY (bottom right; PDB:
4OAA). Images were obtained from Chimera with PDB ID entry.
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The asymmetric unit of the EmrD crystal structure is comprised of an artificial
dimer, indicative that the protein is functional in its monomeric form (Yin et al., 2006). Pi
transporters are also characterized as MFS proteins and classified within the
phosphate:H+ symporter family. The asymmetric unit of a high-affinity H+/Pi transporter
from the root endophytic fungus Piriformospora indica, was most recently structured and
residues accessible to and involved in Pi binding and the H+ gradient were identified
(Pedersen et al., 2013). Comparisons of PiPT to LacY associated with the distinct
functions existing among domains has been suggested; as C-domain affiliated residues
facilitate Pi and H+ binding, the N-domain moves inward to seize substrate and mediate
the opening and closing of the central cavity in a ‘rocker-switch’ formation (Pedersen et
al., 2013).
Nitrate and ammonium transporters
As previously mentioned, N assimilation from the soil is acquired from nitrate,
ammonium, and other N forms. Characterization of Arabidopsis nitrate transporters,
members of the MFS family, has revealed four gene families, two of which are involved
in nitrate uptake and movement in the roots, NRT1 and NRT2, and consist of highaffinity and low-affinity transporters (Cerezo et al., 2001; Wang et al., 2012; Krapp et al.,
2014). Members from the NRT1 family are additionally involved in regulating the rootto-shoot transport, allocation, and signaling of nitrate (Wang et al., 2012; Krapp et al.,
2014). NRT1.1, in particular, has been classified as a transceptor capable of sensing
external nutrient concentrations to initiate a signaling chain that controls cellular
reactions (Giots et al., 2003; Auesukaree et al., 2004; Remans et al., 2006; Ho et al.,
2009; Popova et al., 2010; Gojon et al., 2011). NRT1.1 was further shown to participate
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in the signaling pathway from the inability of nrt1;1 mutants to promote lateral root
elongation in nitrate replete conditions as well as to inhibit the expression of other rootlocalized nitrate transporters, regardless of nitrate availability, obstructing the plant’s
nitrate uptake and sensing abilities (Remans et al., 2006; Ho et al., 2009).
Ammonium transporters (AMTs) mediate the uptake of ammonium from the soil
where rates of transport are highly influenced by changes in pH and electrical potential
(Howitt and Udvardi, 2000). Six AMT isoforms from Arabidopsis have been identifiedfour of which contribute significantly to N acquisition and transport in the root. A
cooperative system among root-localized AMTs has been established between AMT1;1,
AMT1;2 AMT1;3, and AMT1;5. AMT1;1, AMT1;3 and AMT1;5 are high-affinity
transporters localized to the PM of epidermal cells with Km values ranging between
4.5µM and 61µM (Yuan et al., 2007). Ammonium transport through these transporters
enter a symplastic route, yet transport can enter the root via the apoplastic route to later
enter the symplast through AMT1;2, which is likewise a high-affinity transporter but with
a reduced uptake capacity (Km of 234 µM) (Yuan et al., 2007). AMT transcripts are
regulated in a N- and organ-dependent manner (Yuan et al., 2007). Expression of
AMT1;2, localized to the PM of the endodermis and root cortex, is not altered by N
concentrations. This is inconsistent with expression profiles of AMT1;1, AMT1;3, and
AMT1;5, where root expression is inhibited by N and induced by N deficiency or the
supply of sugars (Yuan et al., 2007). The cooperation previously mentioned among these
transporters was illustrated in alternating mutants lines where compensation occurred
with functioning AMTs under N deficient conditions; observations of additive uptake
capacity behavior was further observed with AMT1;1 and AMT1;3 (Yuan et al., 2007).
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Several AMT1 isoforms interact with each other (Ludewig et al., 2003). Through this
activity, AMT1;1 oligomers in Arabidopsis are inactivated by an ammonium-triggered
phosphorylation. This post-translational modification is thought to function as a result of
transceptor abilities in response to ammonium concentration sensing (Lanquar et al.,
2009).
Sucrose transporters
Photosynthetically produced sugars require various cell-to-cell movements.
Sucrose, the dominant product of photosynthetic carbon dioxide fixation, is transported
by high and low-affinity systems integral to the distribution of photoassimilates between
photosynthetic tissues, such as mature leaves, and source and sink organs (Lu and Bush,
1998; Reinders et al., 2002a). Sucrose transporters (SUTs) are energy dependent, MFS,
H+-symporter carrier proteins and have been classified into five subcategories based on
their localization, uptake capacities, and higher-plant classification (Kuhn and Grof,
2010). Members of the first group of SUTs are dicot-specific and are expressed in the PM
of sieve elements and/or companion cells, exhibiting high-affinity Km values between
0.07 mM-2.0 mM. SUT1 members primarily catalyze uptake of sucrose for phloem
loading and for transport to sink tissues. Group 2 and Group 4 SUTs have been identified
as low-affinity transporters in both dicots and monocots and have been localized to sieve
elements and tonoplast, respectively. Groups 3 and 5 consist of monocot low-affinity
SUTs and have been localized to the PM of sieve elements and companion cells,
exhibiting Km values of 2 mM-8 mM (Kuhn and Grof, 2010). Arabidopsis contains nine
SUT homologs, 7 of which encode functional SUTs, and are categorized among SUT1,
SUT2, and SUT4 groups based on their identity, localization, and function. Heteromeric
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and homomeric interactions have been identified among Arabidopsis and Solanaceae
plant SUTs, however functional aspects of their higher-ordered structures still need to be
determined (Reinders et al., 2002a; Reinders et al., 2002b; Schulze et al., 2003).
Phosphate transporters
There are four Pht families in plants: Pht1, Pht2, Pht3, and Pht4 (Poirier and
Bucher, 2002; Versaw and Harrison, 2002; Guo et al., 2008; Lin et al., 2009; Nussaume
et al., 2011). The Pht1 family has been associated with the uptake, transport, and
translocation of Pi between the environment and the root, and subsequently among shoot
systems to maintain core, plant Pi homeostasis. This nine-member collection of
membrane localized high- and low-affinity transporters is the main system of Pi
acquisition from the soil and is suggested to aid in a portion of the 80 % of total plant Pi
that is remobilized and recycled (Raghothama, 2000; Himmelblau and Amasino, 2001).
The Km values of high-affinity Pht1 members have previously been observed within the
micromolar range between 23µM - 192µM (Daram et al., 1998; Liu et al., 1998; Jia et al.,
2011; Nussaume et al., 2011; Qin et al., 2012). The single Pht2 family member, Pht2;1, is
localized to the plastid and targeted to the chloroplast envelope. Characterization of
Pht2;1 has revealed a presumed H+/Pi, low-affinity system which aids to facilitate Pi
allocation, loading, and translocation throughout the plant and within leaves (Daram et
al., 1999; Versaw and Harrison, 2002). Pht2;1 has further been associated with the cell
wall metabolism of young tissues in Solanum tuberosum and is suggested to have an
integral role in photosynthetic activity (Rausch et al., 2004). Recently, Pht2;1 from wheat
was found to be involved in Pi translocation from the cytosol to the chloroplast to
regulate Pi availability in order to improve plant Pi use efficiency and is suggested to be

20

associated with a distinct signaling pathway (Guo et al., 2013). The three membered Pht3
family is comprised of mitochondrial-localized transporters and have similar physical
attributes to mammalian mitochondrial carriers, functioning to provide Pi for the
oxidative phosphorylation of ADP to ATP (Nakamori et al., 2002; Poirier and Bucher,
2002). Six Pht4 transporters have been isolated from Arabidopsis plastids and Golgi
organelles from roots and leaves and characterized as low-affinity transporters (Guo et
al., 2008). Arabidopsis seedling pht4;6 mutants, the single Golgi membrane localized
Pht4 member, were found to have hypersensitivity to salt and osmotic stress and further
analysis proposed PHT4;6 functions in Pi efflux, cell wall biosynthesis, and Nglycosylation (Cubero et al., 2009). Cooperation among Pht families is demonstrated in
the signaling and molecular mechanisms that allow plants to maintain Pi homeostasis, as
will be discussed later, despite the diversity of the roles and functions of the Pi
transporters previously mentioned.
epi

cortex

endo peri

xyl

Pi

Pi
Pi
Pi

Figure 6. Model of Pi uptake by Pht1 transporters in Arabidopsis roots
This model summarizes the uptake and transport of Pi within the root system of
Arabidopsis thaliana Pht1 transporters (filled circles) (except Pht1;6). The image was
adapted from a previous publication (Yuan et al., 2007). epi, epidermis; endo,
endodermis; peri, pericycle; xyl, xylem.
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Multi-functional Pht1 family members
The root system is a complex network that involves nutrient transport, signaling,
and sensing capabilities while adding specific physical modifications to achieve internal
and peripheral balance. Unlike the AMT transport pathway in Arabidopsis, the
Arabidopsis Pht system requires Pi to move intracellularly through the symplastic
pathway in order to proceed to long-distance transport. Thus, while Pi may move through
the apoplast, the Casparian strip interrupts its transport past the endoderm; in the case of
AMT transport, as previously mentioned, at this state ammonium is capable of entering
the symplast by a specialized transporter located at the endoderm PM. Thus, a transporter
system unique to Pi nutrient uptake and allocation exists at the root so that molecules can
be subsequently driven by Pi-related regulatory components to maintain whole plant Pi
homeostasis, an intricate process that will be discussed later (Figure 6).
All of the members of the Pht1 family, with the exception of Pht1;6, are expressed
in the root and can have induced expression under Pi-deficient conditions (Figure 7)
(Mudge et al., 2002; Shin et al., 2004). The high-affinity Phts Pht1;1 and Pht1;4 are
expressed in the root epidermis, endoderm, and root hairs and contribute significantly to
Pi and AsV uptake (Karthikeyan et al., 2002; Mudge et al., 2002; Misson et al., 2004;
Shin et al., 2004; Catarecha et al., 2007; LeBlanc et al., 2013). Loss-of-function of Pht1;1
and Pht1;4 revealed an additive transporter function behavior, where Pi uptake was
reduced by more than 50 % in comparison to wild-type capabilities (Shin et al., 2004). In
this same study, Pht1;1 was further characterized to compensate for the loss-of-function
of Pht1;4, suggesting independent roles of Pht1;1 and Pht1;4 in Pi uptake (Shin et al.,
2004). The overall distribution of Pht1 transporters in the plant suggests multi-functional
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roles of Pi transporters. For example, Pht1;4 has further been suggested to be involved in
Pi movement from senescing floral organs as observed in transcriptome analysis;
however, as a strong contributor to Pi acquisition from the soil, more understanding is
necessary to link Pht1;4 with global Pi remobilization (Mudge et al., 2002; Shin et al.,
2004; van der Graaff et al., 2006; Nagarajan et al., 2011).
High-affinity Pht1;5 from Arabidopsis, on the contrary, has been extensively
characterized to possess a regulatory role in the remobilization and redistribution of Pi
under varying Pi conditions (Mudge et al., 2002). Identified as a remobilizer,
redistributor, and supplier of Pi, transcriptome analysis and in planta studies have
observed that leaf senescence contributes to Pht1;5 upregulation in developing and aged
tissues in response to Pi availability and ethylene, a phytohormone associated with
senescence (van der Graaff et al., 2006; Nagarajan et al., 2011). Functionally, Pht1;5
shuffles Pi from old tissues to developing organs by scavenging processes (Nagarajan et
al., 2011). Studies monitoring Pi mobilization between roots and shoots further suggests
Pht1;5 plays a regulatory role in the allocation of Pi in response to Pi availability
(Nagarajan et al., 2011).
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Figure 7. Expression patterns of the Arabidopsis Pht1 transporter family
This image summarizes the expression patterns of the nine Arabidopsis thaliana Pht1
transporters based on Pi availability. The image was taken from a previous publication
(Nussaume et al., 2011).
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Regulation of Pht1 transporters and PHO1 in response to Pi
Pht1 transporters and PHO1 are the primary units responsible for Pi acquisition
and allocation. PHO1, a root pericycle localized protein harboring a SYG1-PHO81-XPR1
and ERD1-XPR1-SYG1 (SPX-EXS) domain, is involved in loading Pi to the xylem in
the roots and in Pi efflux in the leaves (Hamburger et al., 2002; Wang et al., 2004;
Stefanovic et al., 2011). While uptake of Pi is not affected, the pho1 mutant endures
impaired Pi loading, causing a loss in leaf Pi levels and preventing root-to-shoot
translocation of Pi (Poirier et al., 1991; Hamburger et al., 2002; Liu et al., 2012). Thus, it
is not surprising that PHO1 expression is induced like high-affinity Pht1 transporters,
although moderately, by Pi-deficient conditions. Four families of SPX domain-containing
proteins have been categorized and a number have been implicated to act as Pi
transporters (Wu et al., 2011; Secco et al., 2012). For instance, to maintain Pi
homeostasis in rice, SPX1, whose expression is triggered in response to Pi-deficient
conditions, has been observed to improve plant growth under poor Pi conditions via a
negative feedback loop occurring downstream of PHO2 and PHR2 (an Arabidopsis
PHR1 homolog) (Zhou et al., 2008). While PHR2 positively regulates the rice transporter
PT2 (an Arabidopsis Pht1;4 homolog), whose root expression is induced under Pideficient conditions, SPX1 suppresses the upregulation of PT2 expression by PHR2
(Secco et al., 2012). Furthermore, SPX1 suppressed mutants cause an induced expression
of PT2 under Pi-replete levels, suggesting a regulatory role of SPX domains in response
to Pi to prevent over-accumulation (Wang et al., 2009). In addition, the degradation of
other SPX proteins in rice, e.g. SPX4, has been observed as a result of Pi availability (Lv
et al., 2014; Liu et al., 2014b).
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Multiple regulatory components are involved in the plant’s response to low Pi by
transcriptional, post-transcriptional, and post-translational regulation. Pht1 transporters
and PHO1 are targeted and mediated by a collection of these regulatory pathways.
Transcription factors, including MYB transcription factors, e.g. PHR1, PHL1, MYB62,
and WRKYs, e.g. WRKY45, WRKY75, WRKY6, activate Pi starvation responsive
(PSR) genes, like Pht1 transporters and PHO1, via regulatory local and systemic
transcriptional responses. Besides transcriptional regulation, Pht1 transporters have been
observed to undergo post-translational regulation by phosphorylation and ubiquitination.
Recent work has identified the role of two independent ubiquitin enzymes, i.e. PHO2 and
NLA, involved in modulating post-translational trafficking of Pht1 proteins. Transcripts
for these enzymes are regulated by microRNAs (miRNAs).
miRNAs modulate the expression of Pht1 transporters and PHO1
miR399 and miR827-mediated regulatory pathways dictate the trafficking and
degradation of PHO1 and Pht1 transporters (Figure 8) (Liu et al., 2014b). miRNAs play a
major role in regulating gene expression at the post-transcriptional or translational level,
and in the case of mediating PSR genes, are critical in the maintenance of plant Pi
homeostasis. miRNAs are endogenous, non-coding small RNAs composed of
approximately 22 nucleotides that regulate gene expression in plants and animals (JonesRhoades et al., 2006). As post-transcriptional regulators, miRNAs target mRNA
transcripts within coding sequences (Brodersen et al., 2008). Plant miRNAs pair within
the 5’ UTR region, often in open reading frames, of target mRNAs with complementarity
by an AGO-catalyzing cleavage to reduce their subsequent translation (Jones-Rhoades et
al., 2006; Rogers and Chen, 2013). The functions of plant miRNAs in regulating
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biological processes include development, metabolism, and response to stress.
Translational inhibition by miRNAs has been shown to regulate stress responses in
plants, as in the case with miRNA399 and miR827 (Jones-Rhoades et al., 2006).

Figure 8. Modulation of Pht1 transporters and PHO1 by regulatory components at
different levels of regulation
Regulation of Pht1 transporters and PHO1 occurs in response to Pi availability. The posttranscriptional regulation of ubiquitin enzymes (i.e. NLA, PHO2) by miRNAs occurs
under Pi-deficient conditions to inhibit the degradation of Pi uptake and translocation
components (i.e. PHT1, PHO1). These components are post-translationally modified by
PHF1, NLA, and PHO2 under complete Pi conditions to maintain plant Pi homeostasis
and prevent the over-accumulation of Pi. This image was taken from a previous
publication (Liu et al., 2014b).
miRNA399 and miRNA827-mediated regulation of PHO2 and NLA
miRNA399, localized to the phloem and induced by Pi deficiency, which targets
PHO2 and represses it post-transcriptionally under Pi-deficient conditions to prevent the
degradation of PSR genes, including Pht1 transporters and PHO1 (Chiou et al., 2001;
Aung et al., 2006; Bari et al., 2006; Pant et al., 2008). As a long-distance signal, the
induced expression of miRNA399 in the shoots under Pi-deficient conditions causes its
movement to the roots to target PHO2 mRNA for degradation. Over-expressing
miRNA399 in pho2 mutant plants contributed to a decline in Pi mobilization (Aung et al.,
2006). The inability of Pi to be properly mobilized in miRNA399 over-expressing plants
suggests that any absence in the regulation of miRNA399 expression interferes with the
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internal remobilization of Pi (Chiou et al., 2001; Bari et al., 2006; Nagarajan et al., 2011).
PHR1 mediates the transcription of At4, IPS1, and miRNA399 under Pi-deficient
conditions. At4 and IPS1, noncoding RNAs induced under Pi-deficient conditions, inhibit
the miR399-directed cleavage of PHO2 by mimicking the target sequence of PHO2
(Franco-Zorrilla et al., 2007). Taken together, the miRNA399-PHO2 regulatory circuit
functions to maintain controlled levels of Pi as a means to prevent Pi over-accumulation
and prolonged Pi starvation conditions.
miRNA827 is induced specifically under Pi-deficient conditions to target and
repress SPX domain-containing proteins including Nitrogen Limitation Adaptation
(NLA), a N starvation response gene whose activity is down regulated under Pi-deficient
conditions (Kant et al., 2011; Rojas-Triana et al., 2013; Park et al., 2014). NLA is a
maintenance regulator in Pi homeostasis with ubiquitin E3 ligase activity (Kant et al.,
2011; Rojas-Triana et al., 2013; Park et al., 2014). Cross-talk among nitrate and Pi
response pathways was demonstrated by nla mutant plants, where early senescence
occurred as a result of Pi hyper-accumulated toxicity due to the uninhibited transport of
Pi by Phts (Kant et al., 2011). These Pi toxicity phenotypes were similarly observed in
pho2, strongly suggesting the involvement of these two genes within the same pathway.
Recently, under Pi limitation, NLA was found to be suppressed by miRNA827 to
ultimately prevent the degradation of Pht1;4, but not Pht1;1, in Arabidopsis. It has been
suggested that the miRNA827 homolog in rice behaves contrarily- where its expression is
reduced in response to Pi deficiency (Lin et al., 2013). These variances imply that Pi
regulation, involving homeostasis and/or Pi remobilization, might occur differently
among plants and may need to be considered on a per species basis.
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Post-translational regulation of PHO1 and Pht1 transporters
PHO2 itself exhibits regulatory abilities and encodes an E2 ubiquitin-conjugating
enzyme, an enzyme in the ubiquitination reaction that targets a protein for degradation
and ultimately recycling by the cell (Bari et al., 2006). Moderately upregulated under Pideficient conditions, PHO1 degradation is regulated post-translationally by PHO2 by
physical interaction within endomembrane compartments, i.e. endoplasmic reticulum and
Golgi apparatus (Liu et al., 2012; Rojas-Triana et al., 2013). Thus, pho2 mutants exhibit
phosphate toxicity, similar to nla mutants, because of enhanced Pi uptake and loading
into the xylem as a result of uninhibited PHO1 and Pi transporters (Liu et al., 2012).
While PHO2 is suggested to be a central negative regulator, the regulation of Pi
components by PHO2 is not yet fully understood; the over-expression of PHO1 was
observed to not yield the Pi toxicity levels of pho2 mutants- suggesting other regulatory
components of PHO1 and PHO2 (Kant et al., 2011; Liu et al., 2012; Liu et al., 2014b).
The involvement of regulatory and signaling components, like PHO2, in Pi
homeostasis has also been studied alongside Pht1 transporter function. PHO2 has been
shown to physically interact with and post-translationally degrade Pht1 transporters,
including Pht1;1 and Pht1;4 from Arabidopsis, within post-endoplasmic reticulum
compartments (Huang et al., 2013). This degradation regulates the quantity of Phts that
are processed for PM localization to prevent further Pi acquisition. Similarly, the
regulation and proper targeting of Pht1 transporters has been observed in both
Arabidopsis and rice to be driven by PHF1, an endoplasmic reticulum localized traffic
facilitator (Gonzalez et al., 2005; Bayle et al., 2011; Chen et al., 2011). The posttranslational regulation of Pht1 members by PHF1 is triggered by the availability of Pi,

29

however differences have been observed in PHF1 function among homologs. For
instance, studies on the regulation of the rice Pht1 transporter PT2 by PHF1 suggests that
in addition to aiding in proper PM localization, PHF1 plays a crucial role in Pi uptake and
translocation in rice (Chen et al., 2011).
Although similar in activity, as far as the involvement of PHO2 and PHF1 in the
post-translational modification of Pi transporters, the role of PHF1 in targeting Pht1
transporters is independent to the degradation caused by PHO2 regulation. Additional
functional properties of PHF1 have been observed in nla mutants, where leaf senescence
attributed to Pi over-accumulation under N-limited conditions was rescued by a knockout
of PHF1 (Chen et al., 2011; Kant et al., 2011). This illustrates a role for PHF1 in
regulating Pi transporters and possibly acting in accord with NLA, which posttranscriptionally modulates Pht expression. NLA has recently been associated with the
ubiquitination of AtPht1;4 to regulate Pi levels under Pi-sufficient conditions (Park et al.,
2014; Liu et al., 2014b). Recent studies further acknowledged the existence of physical
interactions of NLA with PHO2 to cooperatively degrade AtPht1;4 under Pi-replete
conditions, illustrating crosstalk between these pathways (Park et al., 2014).
Physiological and additional molecular effects in response to Pi limitation
Signaling components initiated by the availability of nutrients in the soil, such as
P, N, and iron, prompt downstream mechanisms and stress responses (Lopez-Bucio et al.,
2003). A sequence of acclimations is triggered by plants during Pi-deficient conditions in
an effort to improve the capacity of Pi uptake and maintain Pi homeostasis, including
changes in the morphology of the root system and the synthesis and secretion of organic
compounds; the induced symbiotic association with fungi; and differences in Pi
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mobilization, transport and metabolism (Schachtman et al., 1998; Lopez-Bucio et al.,
2002; Poirier and Bucher, 2002). Growth of plants starved for Pi has a distinct effect on
the architecture of the root system particularly in the reduction in primary root growth,
induced root hair elongation and growth of lateral root hairs. The process that occurs at
the primary meristem under Pi-deficient conditions involves the inhibition of cell division
that prevents the growth of the primary root. Studies have shown this change to be
mediated by an induced determinate growth process, a developmental stage in which
meristematic cells divide briefly prior to differentiation (Rodriguez-Rodriguez et al.,
2003; Sanchez-Calderon et al., 2005). In addition, an increase in the root-to-shoot ratio
occurs due to the enhanced formation of root hairs and growth of lateral roots towards the
topsoil, adding to a plant’s ability to increase uptake surface area and reach of mobile Pi.
White lupin (Lupinus albus) proteoid root formation induces the exudation of
organic acids and acid phosphatases and acts as a highly efficient method to increase
rhizosphere Pi availability and uptake (Cheng et al., 2011). These clusters of root are
particularly specialized in the secretion of the organics malate, citrate, acid oxalate,
fumarate and acid phosphatase for the chelation of Pi resources, i.e. Ca, Al, and Fe
(Cheng et al., 2011; Weisskopf et al., 2011). In Arabidopsis, which lacks specialized
proteoid roots and an ability to form symbiotic relationship with mychorrizae, purple acid
phosphatases (PAPs) and acid phosphatases (APases), including AtPAP26, AtPAP12,
and AtPAP17 (Veljanovski et al., 2006; Robinson et al., 2012), contributing to plant Pideficient responses have been characterized. APases are capable of releasing Pi-bound
molecules by optimizing pH to produce an acidic medium. This in turn stimulates the
mobilization of Pi within the soil for acquisition at the root.
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Other responses to Pi-deficient conditions include the physiological accumulation
of anthocyanin and starch. Excess Pi inhibits the regulatory enzyme ADP-glucose
pyrophosphorylase involved in starch synthesis in chloroplasts and amyloplasts
(Buchanan et al., 2000). Meanwhile, anthocyanin red-purple pigment accumulation,
which is observable throughout plant shoot tissues, acts as a Pi-starvation response and
occurs as a result of the upregulation of genes involved in anthocyanin biosynthesis.
Primarily, anthocyanin plays a role in high-light stress and as antioxidants by absorbing
UV light to protect cells from damage and scavenging free oxygen radicals produced by
metabolic processes, respectively (Kant et al., 2011). Further coping mechanisms of the
plant under Pi-deficient conditions include molecular modifications such as the
remobilization of Pi within the plant system. A number of genes have been shown to be
involved in the conversion of phospholipids to galacto- and sulfo-lipids under Pideficient conditions, including phospholipases and sulfolipid synthases (Yu et al., 2002;
Cruz-Ramirez et al., 2006).
Oligomerization of proteins
While principles behind the interaction of proteins remain undeveloped, it is
suggested that oligomerization can confer several structural and functional advantages
that outweigh the disadvantages of protein interaction, including modifications in
allosteric control, affinity, catalysis, and stability (Marianayagam et al., 2004; Matthews
and Sunde, 2012). Of the proteins that associate to form functional oligomers, it is
predicted that interaction among identical monomers are the large majority- where the
average quaternary state of proteins is in tetramer form (Griffin and Gerrard, 2012;
Matthews and Sunde, 2012). Biophysical contributions studied alongside oligomeric
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assembly have developed insight on the selective pressures that may influence protein
interactions from an evolutionary standpoint. The most underlying question is whether
protein interfaces have evolved to enhance interactions with regard to functional
efficiency and entropic costs. By comparing different higher-ordered structures, i.e.
monomer, dimer, tetramer, the role of a particular protein quaternary complex in this
respect can be better characterized. Interface parameters are primarily characterized and
include the size and shape of a contact area, chemical and physical properties and the
hydrophobic nature of contact residues (Griffin and Gerrard, 2012). Mutagenesis is often
a rational approach to disrupt interfaces and generate variant proteins to understand
function and stability attributes associated with the oligomeric state of a protein.
Generally, the hydrophobic nature, size, and/or charge of a residue are mutated to a
counter residue (Griffin and Gerrard, 2012). Such a mutation can destabilize the interface
sufficiently to cause dissociation or constrain the formation of attractive interactions
between monomers.
Obligate and non-obligate protein interactions
Besides the composition of interacting proteins, i.e. whether complexes are
homomeric or heteromeric assemblies, and the hydrophobic nature of their interface,
membrane protein interactions can be further distinguished as obligate or non-obligate,
and transient or stable (Nooren and Thornton, 2003; Griffin and Gerrard, 2012; Matthews
and Sunde, 2012). Obligate protein interactions are associated with protein subunits not
found to be stable on their own yet function solely following an irreversible
oligomerization that begins co-translationally or post-translationally (Clarke and Gulbis,
2012; Griffin and Gerrard, 2012). Large, hydrophobic-inclined interfaces have been
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associated with obligate interactions. The plant high-affinity nitrate transporter NRT2.1
acts as a classic example of an obligate protein interaction. In this instance, NRT2.1, the
main component of the high-affinity nitrate uptake system in plants, cannot mediate
transport alone, although the monomer is the most abundant form present at the PM
(Okamoto et al., 2006; Orsel et al., 2006; Wirth et al., 2007). Rather, NRT2.1 function
strictly requires the expression of its interacting partner, NRT3.1, a smaller 2-TM domain
protein putatively required for proper PM targeting or protein stability of NRT2.1 (Wirth
et al., 2007; Yong et al., 2010; Kotur et al., 2012; Wang et al., 2012).

Figure 9. Nitrate transporter NRT1.1 can form a non-obligate homomeric complex
NRT1.1 from Arabidopsis is an MFS nitrate transporter that has recently been
crystallized. Phosphorylation of Thr101, a residue embedded in a pocket adjacent to the
interface between subunits, triggers the decoupling of the homomeric complex, resulting
in functional monomers with high-affinity for nitrate. The de-phosphorylation of Thr101
results in a functional homodimer complex with low-affinity attributes. This image was
taken from a previous publication (Sun et al., 2014).
Non-obligate interactions can occur during signal transduction or with mature
proteins usually as a result of signaling; in this latter case of interaction among mature
proteins, oligomerization is usually irreversible (Clarke and Gulbis, 2012). Thus, obligate
interactions are usually characterized as stable interactions, while non-obligate
interactions may be categorized as either transient or stable because of their abilities to
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associate and disassociate (Nooren and Thornton, 2003). Particular conditions, such as
modifications induced by environmental nutrient conditions, can promote transient
interacting proteins to contribute to downstream signaling and metabolic pathways. Posttranslational modifications, in particular, have been associated with mediating
oligomerization to activate and/or deactivate protein function. The Arabidopsis nitrate
transporter NRT1.1, for example, functions as a dual-affinity nitrate transporter at the
control of a “phosphorylation switch” (Figure 9) (Liu et al., 1999; Liu and Tsay, 2003;
Gutierrez, 2012). Furthermore, the oligomeric structure of NRT1.1 has recently been
associated with its phosphorylation state- where phosphorylation decouples homomeric
interactions to establish monomers of high-affinity nitrate uptake capabilities (Liu and
Tsay, 2003; Sun et al., 2014). These aforementioned examples of homomeric and
heteromeric interactions occurring between independent nitrate transporters illustrate the
diversity of functions that can be associated with protein interactions, specifically
membrane transporters.
Approaches to study protein-protein interactions
When

measuring

protein-protein

interactions

(PPI),

a

combination

of

experimental techniques, including approaches in biochemistry and molecular biology,
biophysics, and computational biology, are necessary to reduce the risk of identifying
false positives and artifacts that are often associated with interaction assays. Common in
vivo methods to study biochemical and molecular interactions between target proteins
involve a two-hybrid system, where a reporter protein is split into two separate
fragments, each fused to the proteins of interest. With these split methods, transient
and/or stable interactions are identified if the reporter is reconstituted, which leads to an
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observable or measurable result. The split luciferase system (SLC) was previously
modified to study interactions in planta within Arabidopsis leaf protoplasts, and employs
the fusion of two proteins fused to two halves of luciferase from Renilla reniformis
(Fujikawa and Kato, 2007). Interaction between the two target polypeptides exists if light
is emitted due to the reconstitution of luciferase enzyme activity in the presence of the
luciferin substrate. SLC is an approach to measure interactions among proteins where the
subcellular localization is not critical or is already known and is potentially a more
reliable system than other PPI methods in regards to minimizing nonspecific behaviors
observed in heterologous systems, such as the yeast systems discussed below.
The in vivo yeast two-hybrid system (Y2H) consists of the activation of the
reporter gene, such as β-galactosidase, by the restoration of a functional transcription
factor (Pusch et al., 2011). The transcription factor in use, GAL4, is initially split into a
DNA binding domain fragment and activation domain containing fragment. The split
ubiquitin system (mbSUS) is a variant in vivo split method of Y2H that does not require
an interaction reporter system to exist in the nucleus and is therefore suitable for the
detection of membrane bound protein interactions. However, it is not necessary that the
proteins interact at the PM; interactions occurring along the targeting path will also
contribute to observable interactions (Reinders et al., 2002b). Reconstituted ubiquitin as a
result of protein interaction is recognized by ubiquitin-specific proteases, which release
the artificial transcription factor protein to activate reporter genes (Obrdlik et al., 2004;
Grefen et al., 2007; Grefen et al., 2009). This interaction further activates the expression
of biosynthetic enzymes, i.e. amino acid synthesis, to allow for interaction detection to
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occur through means of auxotrophic capabilities. Unfortunately, these heterologous
systems can exhibit nonspecific behaviors that yield false positive results.
In vitro affinity-based analyses are often employed to confirm interactions
observed by in vivo systems, including co-immunoprecipitation (Co-IP). Co-IP measures
stable interactions and is mediated by the affinity of an antibody against an antigen on the
target protein. Precipitations of interacting proteins are detected as higher-ordered
molecular bands by western blot detection. The use of a highly specific antibody for the
protein of interest helps in negating false positives; however, the insolubility of
membrane bound proteins often makes this approach difficult to use. Another
disadvantage with Co-IP is the difficulty to bind to transiently interacting proteins.
Approaches in biophysics and microscopy may also be considered in the
investigation of stable and transient interactions each with their own advantages and
disadvantages. Bimolecular fluorescence complementation (BiFC) uses a split yellow
fluorescent protein (YFP) system to visualize the strength of subcellular localization of
interacting proteins without the use of exogenous reagents. A major advantage of this PPI
method is that fluorescence of specific interactions is much stronger than fluorescence of
non-specific interactions. However, if expression levels are high to begin with, this could
lead to the detection of nonspecific interactions and false positives; as a result, negative
and positive controls are crucial. This system can additionally be optimized to monitor
multiple interaction pairs by the use of multiple fluorescent tags, e.g. GFP. Fluorescence
resonance energy transfer (FRET), unlike SLC and the yeast in vivo approaches, is a
distance dependent (within 50 Å) PPI technique that can be used for the dynamic study of
protein interactions and dissociations without the use of a substrate. The in vivo real-time
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detection of PPIs by this system acts as a further advantage to its usage, however because
of the low sensitivity of this method, overexpression of interacting partners is often
required and thus may result in the identification of false positives, protein mislocalization, and modifications in protein functions.
Goals of studying the oligomerization of plant phosphate transporters
P is an essential macronutrient required for all life. Plants acquire P in the form of
Pi which is not readily accessible to plants due to is low concentration and heterogeneous
distribution in soil. Phts have a high capacity for transporting Pi in areas where Pi
concentration are low and act as the main mechanism of Pi uptake. In addition, Phts have
been shown to take up the toxic Pi analog, AsV. While there is evidence that
oligomerization of transporter isoforms is an important aspect of transport function, the
potential oligomerization among Phts has not been thoroughly studied.
The major aims of this work were to determine whether Pht isoforms oligomerize
into high-order structures, identify specific amino acid residues directly and/or indirectly
involved in Pht interaction, and gain an understanding of the relationship between Pht
structure and function to enhance current understanding of Phts. Chapter 2 discusses the
oligomerization capabilities of Pht1;1 and Pht1;4 in vivo and in vitro. While it is
documented here that Pht1;1 and Pht1;4 have the capacity to oligomerize, the remaining
portions of this work highlight on further understanding characters and functional roles of
Pht1;1 homo-oligomerization. Chapter 3 focuses on enhancing current understanding of
residue Tyr312. Following mutagenesis analysis of a highly conserved motif containing
residues involved in proton/Pi binding, expression of Pht1;1 exhibiting Tyr312 mutated
to an Asp (Y312D) was observed to play a role in disrupting interaction and enhancing Pi
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uptake capabilities. This work discusses that it is not expected that Tyr312, a Pi-binding
site putatively localized within the pore cavity of the transporter as described by Pedersen
et al. (2013), is directly in contact with the interface of the Pht1;1 homomeric complex.
Rather, this study suggests that the conserved Pht motif with high involvement in
proton/Pi binding and transport which includes Tyr312 is putatively affected by the
decoupling and association of Pht1;1 monomers.
The goal of this project is to better understand Pht function and regulation not
only because of their high capacity for transporting Pi in areas where Pi is limited, but
also because of their involvement in the transport of AsV. AsV competes with Pi as a
substrate for the Pi uptake system in various species, including Arabidopsis. Chapter 4
discusses a putative role of Tyr312 in AsV binding affinity. Through means of a
heterologous system, while the Y312D mutation was observed to increase Pi uptake
capacities, Pi binding capabilities were found to not be affected in the presence of AsV.
Preliminary in planta observations corresponded to these findings and the observations
obtained in Chapter 3; seedlings over-expressing Y312D in a Δpht1;1 background were
observed to tolerate low Pi conditions alongside an increased AsV tolerance. While
implications on the direct function of oligomerization in planta remain elusive, Chapter 4
gives insight on the role of Tyr312 in planta.
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Chapter 2. Materials and Methods
General Material and Methods
PCR
Primers (ordered from IDT) used for the amplification of DNA for cloning into
pDONR and pYES2 within this dissertation are listed accordingly (Appendix Table A,
Appendix Table B). PCR reactions were prepared in standard PCR tubes and primers
were prepared to a working concentration of 5 µM from a 100 µM stock with dH2O. Two
polymerases, TaKaRa ExTaq and PFU (BioVision), were used, depending on the type of
PCR, e.g. reactions requiring greater accuracy to minimize spontaneous mutations used
PFU.
Typically, ExTaq PCR was performed for colony check and clone insertion
checks and prepared as follows for a 25 µL volume:
1
2.5
2.5
1
2.5
0.2
15.3

µL
µL
µL
µL
µL
µL
µL

template DNA (5-500 ng)
5 µM sense primer
5 µM anti-sense primer
dNTPs
10X ExTaq PCR Buffer
ExTaq
dH2O

The thermalcycler reaction was set as follows:
95 °C 2 minutes
initial denaturation
95 °C 30 seconds
denaturation
55 °C 30 seconds
primer annealing
72 °C 1 minute 30 seconds extension
72 °C 5 minutes
final extension
(Underlined steps cycled 40 times total)
Generally, the ‘primer annealing’ temperature was set to be 5 °C below the melting
temperature of the primers used. Also, 30 seconds of extension time was added for every
500 base pairs of DNA amplified; in the setting above, 1 minute and 30 seconds was used
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because the size of Pht1;1 and Pht1;4 is around ~1,500 base pairs. In the likelihood of the
reaction not amplifying correctly, troubleshooting included adjusting the annealing
temperature to 50 °C, decreasing the extension time to 30 seconds, and increasing the
Mg2+ concentration.
PFU was used for high-performance PCR reactions and a 25 µL volume was prepared as
follows:
1
1
1
2
2.5
0.5
17

µL
µL
µL
µL
µL
µL
µL

template DNA (5-500ng)
5 µM sense primer
5 µM anti-sense primer
dNTPs
10X PFU PCR Buffer
ExTaq
dH2O

The thermalcycler reaction was set as follows:
94 °C 2 minutes
94 °C 30 seconds
55 °C 1 minute
72 °C 1 minute 30 seconds
72 °C 7 minutes

initial denaturation
denaturation
primer annealing
extension
final extension

The denaturation, primer annealing, and extension processes were cycled 40 times total.
Plasmid minipreps
The Qiagen miniprep system was used to collect and purify DNA for cloning
purposes. This system has prepared buffers for the resuspension, lysis and neutralization
of cells to precipitate plasmid DNA by centrifugation. The following explanation is
adapted from Qiagen explanations. Following overnight growths of clones in selective
LB media (5 % (w/v) yeast extract, 10 % (w/v) tryptone, 10 % (w/v) sodium chloride), 3
to 5 mL of cell culture was harvested by centrifuging 1 mL aliquots into a 1.5 mL
microfuge tube and spinning at 13,000 g for 30 second- 1 minute intervals. The
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supernatant was discarded in between spins and this process was repeated as necessary.
The pellet was re-suspended in P1 buffer. This buffer contains Tris, EDTA, glucose and
RNaseA and allows for the chelation of divalent cations that prevent DNases from
damaging plasmids, prevents the bursting of cells, and degrades cellular RNA. Once the
pellet is dissolved, the lysis buffer P2 was added and the solution was mixed by
inversion. This lysis buffer contains sodium hydroxide and detergents to solubilize the
cell membrane while simultaneously breaking down the cell wall without disrupting
DNA bases to convert double-stranded DNA to single stranded DNA. The denaturation
of proteins separate the plasmid from any debris material. A neutralization buffer, N3, is
then added to the solution and mixed by inversion. This buffer decreases the alkalinity of
the mixture to allow for hydrogen bonding to be re-established for an overall doublestranded DNA content. The solution is spun at 13,000 g for 10 minutes. Following this
spin, the supernatant is collected and pipetted into QIA prep spin columns; it is important
to not pipet the precipitate that appears on the side of the spun microfuge tube into the
spin column. Following a 30 second spin to bind DNA to the membrane of the column,
Buffer PE is added to the spin column and a 30 second spin is repeated. After pouring off
any passing liquid, a 1-minute dry spin is performed. Spin columns are then placed into
clean 1.5 mL tubes and 30 µL of elution buffer (10 mM Tris-Cl, pH 8.5) is pipetted on
the membrane. This is allowed to sit for at least 1 minute prior to collecting the eluted
material. Purified DNA was quantified and stored at -20 °C.
Plasmid midipreps
Midipreps were prepared for plasmids used in split luciferase complementation
(SLC), where a high-concentration to high-volume of plasmids was required (200 µL of
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250 ng/µL concentrations). The Qiagen MidiPrep kit was used for DNA purification. 50
mL inoculums were grown overnight at 37 °C and harvested by centrifugation at 200
rpm. 25 mL from the overnight cultures were used for DNA purification. As described by
Qiagen, the pellet collected was resuspended in 4 mL of Buffer P1. 4 mL of P2 was
added to the resuspension, inverted and allowed to incubate at room temperature for 3
minutes. Four milliliters of Buffer S3 was added; the solution was mixed and allowed to
incubate at room temperature within the specialized cartridge for 10 minutes. The lysate
was filter into a 50 mL conical tube and 2 mL of Buffer BB was added. The lysate was
inverted and transferred to a spin column by a vacuum system. Following DNA binding
to the spin column, 700 µL of ETR was added and allowed to vacuum through the
column, followed by 700 µL of Buffer PE. Columns were allowed to spin dry for 2
minutes in a centrifuge at full speed. DNA was eluted by adding 200 µL of EB to the spin
column with a sitting period of 1-5 minutes. Columns were spun at full speed and
purified DNA was stored at -20 °C following quantification until use.
DNA quantification and sequencing
DNA purified from plasmid kits was quantified for further cloning steps and
sequencing. A spectrophotometer (Shimadzu Biotech BioSpec-mini) was used to measure
1:100 dilutions in quartz cuvettes. Plasmids in pDONR and pYES2 vectors were
sequenced prior to destination vector cloning and yeast transformation steps, respectively.
The GeneLab facility (LSU School of Veterinary Medicine) performed our sequencing
analysis using standard sequencing reactions (40 cycles of 96 °C for 10 seconds, 50 °C
for 5 seconds, 60 °C for 4 minutes) on a PTC 200 Termalcycler. 10 µL of each sample
was submitted per sequencing reaction in concentrations greater than 20 ng/µL. 2 µM
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primer concentrations, if sent, were prepared in 10 µL volumes for every sequencing
reaction. For plasmids in pDONR, the M13F (-40) [GTTTTCCCAGTCACGAC] and
M13R(-24) [AACAGCTATGACCATG] primers were used for forward and reverse
sequencing. Often, and internal primer for the gene of interest was used to complete
sequencing

analysis.

For

plasmids

[GTAATACGACTCACTATAG],

and

in
an

pYES2,
internal

the
pYES2

T7-19

primer

sense

primer

[CTTTTCGGTTAGAGCGGATG], and an internal sense primer were used for complete
sequencing following the ligation of the gene of interest. Sequencing results were aligned
with template sequences using MultAlin. If viewing of the chromatograph was necessary,
FinchTV was used.
Cloning with the Gateway® system
The Gateway® recombination system (Sigma-Aldrich) was used for cloning the
plasmids used in SLC, mbSUS, and localization studies. This is a 2-part reaction. The BP
reaction allows for the recombination of amplified insert into the entry vector pDONR.
10 µL reactions were prepared as follows:
75 ng insert
135 ng entry vector
1 µL TE buffer
2 µL BP clonase
Reactions were incubated at 27 °C for 8-16 hours and stopped with the addition of 1 µL
Proteinase K. This was further incubated for 10 minutes at 37°C. BP reactions were desalted for 20 minutes prior to the electro-competent transformation of E. coli 5α cells (see
Transformation of electro-competent E. coli). Positive clones in pDONR were selected
on LB + zeocin plates (25 µg/mL).

44

BP reaction positive clones were sequenced prior to continuing to the second part
of the Gateway® recombination system. After checking sequences, the LR reaction,
which allows for the recombination of the gene of interest into the destination vector, was
made as follows:
190 ng insert/entry vector clone
320 ng destination vector
1 µL TE buffer
2 µL LR clonase
Reactions were incubated at 27 °C for 8-16 hours and stopped with the addition of 1 µL
Proteinase K. This was further incubated for 10 minutes at 37°C. LR reactions were desalted for 20 minutes prior to the electro-competent transformation of E. coli 5α cells (see
Transformation of electro-competent E. coli). Positive clones in destination vectors were
selected on LB with appropriate antibiotics.
Transformation of electro-competent E. coli
For the purposes in this dissertation, E. coli JM109 and DH5α cells were used for
transforming plasmids. The Eppendorf Electroporator-2510 was used for the bacterial
plasmid transformation at 1800 volts. An aliquot of 500 µL SOC media (20 % (w/v)
tryptone, 5 % (w/v) yeast extract, 2 % 5M NaCl, 2.5 % 1M KCl, 10 % 1M MgCl2, 10 %
1M MgSO4, 20 % 1M glucose; autoclaved) was prepared per transformation. 1 µL to 2
µL of plasmid DNA was used per transformation reaction. Competent cells were stored in
aliquots at -80 °C. From a thawed aliquot, 25 µL to 100 µL of competent cells (depending
on the quality and concentration of the prepared competent cells) were used per
transformation by mixing competent cells with plasmid DNA gently by pipetting. This
mixture was placed into a cold cuvette (placed on ice or in the freezer for 20 minutes).
The cuvette was placed into the electroporator and the electric charge was activated.
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Immediately following the electric pulse, the SOC was added to the cell mixture, gently
pipetted and transferred to a 1.5 mL tube. Cells were incubated at 37 °C for 1 hour while
shaking continuously at 150 rpm. 100 µL to 250 µL of cells were plated on to LB plates
with appropriate antibiotic and incubated over night at 37 °C. Individual colonies were
selected from these plates for overnight liquid cultures in preparation for plasmid
recovery via mini- or midi-preps.
Transformation of heat-shock E. coli
For the purposes in this dissertation, E. coli DH5α heat-shock cells were preferred
in the transformation of plasmids obtained from Gateway® cloning. Heat-shock E. coli
cells were stored as electro-competent E. coli cells. 25 µL to 50 µL of cells were used per
transformation with 1 µL -5 µL of plasmid DNA. To mix, the cell solution was pipetted
gently. The mixture was placed on ice for 30 minutes and then heat-shocked at 42 °C for
30 seconds in a pre-heated warm bath and then replaced on ice for 5 minutes. Up to 950
µL of SOC was added to the cell mixture. The following incubation and cell selection
was similar to the procedure previously described (see Transformation of electrocompetent E. coli).
Transformation of electro-competent Agrobacterium tumefaciens
The agrobacterium strain used for all agro-transformations in this dissertation was
electro-competent GV1301. For each transformation, 2 µL of purified plasmid was added
to 25 µL of electro-competent Agrobacterium tumefaciens GV1301. Electroporation was
performed as described (see Transformation of electro-competent E. coli). Cells were
incubated for 2-3 hours at 28 °C at 150 rpm. 100 µL of the cell solution was spread onto
YEP plates with appropriate antibiotics and incubated at 28 °C for 2-3 days. Checking
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plasmid transformations was performed by collecting DNA from individual colonies
through means of MiniPreps (including the PB step) and diagnostic digestion.
DNA Electrophoresis
DNA gels were prepared to identify PCR products, appropriate clones, etc. A 1 %
TAE gel was used for all DNA electrophoresis by combining 0.5 g of agarose with 50
mL of 1xTAE buffer (1 L 50xTAE buffer: 242 g Tris Base; 100 mL 0.5 M EDTA, pH 8;
57.1 mL glacial acetic acid) Following melting of the agarose, 5 µL of ethidium bromide
(EtBr) was added to the molten gel. After a brief cooling, the molten gel was poured into
a plate and allowed to solidify for approximately 10 minutes with a toothcomb. Gels were
run in a 1x TAE buffer with a DNA size standard at 125 V to 150 V for 25-50 minutes.
DNA samples were viewed using an UV imaging system. If DNA product needed to be
extracted from the gel, after UV imaging, gels were transferred to the Chromato-Vue UV
box. Appropriate bands were extracted using a razor blade and transferred to a preweighed 1.5 mL tube. After determining the weight of the fragment, DNA purification
via the Qiagen Gel Extraction kit was performed.
Overlap extension PCR for mutagenesis
Primers used for the insertion of mutations are listed accordingly (Appendix
Table C). Overlap extension PCR was used to generate mutated DNA as previously
described (Ho et al., 1989). The first half of the gene is amplified using a WT sense
primer and a mutated anti-sense primer. The second half of the gene is amplified using a
mutated sense primer and a WT anti-sense. The generation of two products creates a
homologous region in the center of the two genes. An extension reaction step is
performed; this is where the denatured fragments anneal at the overlap/homologous
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region and are extended by DNA polymerase to form the mutant fusion product. With the
addition of the WT end primers, the mutant fusion product is further amplified by PCR.
The first amplification step (where two products are generated) was prepared so as
follows:
1
1
1
2
2.5
0.5
17

µL
µL
µL
µL
µL
µL
µL

DNA
5 µM sense primer
5 µM anti-sense primer
dNTPs
10X PFU PCR Buffer
PFU
dH2O

Both PCR products were run on a DNA gel, gel extracted and gel purified (eluted with
30µL elution buffer, 10 mM Tris-Cl, pH 8.5).
The extension reaction was prepared as follows:
1
1
2
2.5
18.2
0.3

µL
µL
µL
µL
µL
µL

gel purified product 1
gel purified product 2
dNTPs
10X PFU buffer
dH2O
PFU

The thermacycler reaction was set as follows:
94 °C 4
94 °C 40”
50 °C 45”
72 °C 1’
(Underlined steps cycled 8 times total)
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The final PCR product was prepared as follows:
1.5
1
1
2
2.5
18.2
0.3

µL
µL
µL
µL
µL
µL
µL

extension reaction product
5 µM sense WT primer
5 µM anti-sense WT primer
dNTPs
10X PFU buffer
dH2O
PFU

PCR was performed under normal conditions (see PCR) and products were run on an
EtBr DNA gel, gel extracted, and gel purified.
Materials and methods for Chapter 3
Protoplast transformations and split luciferase complementation assay
Arabidopsis plants, ecotype Columbia, were grown at 22 °C under long-day
conditions (16 hours light) and 55% humiditiy for four weeks. Plant seeds were
germinated on soil for one week and carefully transplanted to new pots (5 plants per pot).
Kato and Jones (2010) note that the efficiency of protoplast transformation is critical on
the conditions plants are grown in. When choosing leaves for preparing protoplasts,
curled leaves were avoided. Prior to collecting plant leaves, a digestion mixture was
prepared (0.125g digestion enzyme mix dissolved in 10 mL digestion buffer) :
Digestion buffer:
0.4 M Mannitol
20 mM KCl
10 mM CaCl2
20 mM MES, pH 5.7 (Store at 4 °C)

Digestion enzyme mix:
2.0 g Cellulase R10
0.5 g Macerozyme R10
Store at 4 °C

Arabidopsis protoplasts were prepared and transformed exactly as described
(Kato and Jones, 2010). For each assay, a minimum of 0.3 g of leaves was collected (with
a maximum of 1 g). Slicing of leaves was performed as described (Kato and Jones, 2010)
and transferred to a Petri dish containing the digestion solution. Following vacuum (30
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minutes at 7 to 8 psi), the mixture was kept in the dark and incubated for 6 hours at 25 °C
to achieve maximum digestion of the cell wall.. Following this incubation, protoplasts
were collected and transferred as described and suspended in W5 buffer (154 mM NaCl,
125 mM CaCl2, 5 mM KCl, 2 mM MES, pH 5.7) (Kato and Jones, 2010). The protoplast
suspension was placed at 4 °C for 30 minutes to allow protoplasts to recover. All but 3
mL of the supernatant was removed. 10 mL of the MMg solution (0.4 M mannitol, 15
mM MgCl2, 4 mM MES, pH 5.7) was carefully added to the precipitated protoplast
suspension, centrifuged (100 x g, 3 minutes), and all but 3 mL of the supernatant was
carefully removed. MMg solution was added (10 mL). Following careful mixing with the
protoplast suspension, 10 µL of the suspension was used to count the number of
protoplasts (hemacytometer). The suspension was adjusted according to obtain 3 x 105
cells mL-1.
Protoplasts were transformed as described and 12.5 µg of each vector was used in
this study (Kato and Jones, 2010). The following solutions were prepared in advance for
protoplast transformation:
PEG/Ca2+ solution:
40 % (w/w) PEG4000
0.2 M mannitol
0.1 M CaCl2

WI solution:
0.5 M mannitol
20 mM KCl
4 mM MES, pH 5.7

Following protoplast transformation, the prepared plate was covered and incubated for 16
hours at 25 °C. To measure luminescence, the ViviRen™ Renilla luciferase substrate
(Promega Cat. no. P1231) was prepared and distributed to wells as described (Kato and
Jones, 2010) immediately preceding Luminometer readings. Luciferase complementation
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was measured using Veritas™ Microplate Luminometer and Software (Turner
BioSystems).
Yeast transformation for mbSUS
Clones were transformed into yeast haploid strains THY.AP4 (MATa; ade2- ,
his3-, leu2, trp1-, ura3-; lexA::ADE2, lexA::HIS3, lexA::lacZ) and THY.AP5 (Matα;
ade2- ,his3-, leu2-, trp1-) via LiAc transformation as previously described (Grefen et al.,
2009).
Materials for the transformation of yeast using the LiAc method includes the following:
YPD media: 1 % (w/v) yeast extract, 2 % (w/v) peptone, 2 % (w/v) glucose, 2 % (w/v)
agar (for solid media)
Sterile de-ionized water
1 M LiAc
50 % PEG 3350
ssDNA 10 mg/mL
Selection of mbSUS yeast transformants
Haploid THY.AP4 and THY.AP5 yeast strains containing CUb and NUb fusion
proteins, respectively, were selected on auxotrophic media as follows:
SCl
SCtu

The selection of CUb plasmid containing THY.AP4 strains
The selection of NUb plasmid containing THY.AP4 strains

Solid and liquid media of these auxotrophic plates were prepared as follows.
A SCahtlum dropout mix was prepared by measuring 2.0 g of the following:
alanine, arginine, asparagine, aspartic acid, cysteine, glutamine, glutamic acid, glycine,
inositol, isoleucine, lysine, phenylalanine, proline, serine, threonine, tyrosine, and valine
and 0.2 g p-aminobenzoic acid
These amino acids were mixed and ground with a mortar and pestle and stored in a dry
and dark location.
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The following amino acids for the selection of yeast were prepared as follows:
Preparations of amino acids for auxotrophic selection
Amount dissolved per 100 mL dH2O:
Adenine sulphate:
0.2 g
Uracil:
0.2 g
L-Leucine:
1.0 g
L-Tryptophan:
1.0 g
L-Histidine:
1.0 g
L-Methionine:
1.5 g

Amount of dissolved added per 1 L:
10 mL
10 mL
10 mL
2 mL
2 mL
2 mL

The amino acids listed above were dissolved in 100 mL dH2O, filter sterilized, and stored
in the dark at 4 °C. Volumes listed above were added per liter of prepared liquid or solid
auxotrophic media for yeast selection.
For the selection of yeast strains, a 5X concentration of SCahtlum media was
prepared for a stock solution as follows:
210mM (NH4)2SO4
.944 % (w/v) YNB
.833 % (w/v) dropout mix
pH 6.0-6.3 with KOH
The 5X stock solution was filter-sterilized and stored at 4 °C.
Selective liquid and solid media was further prepared for a working solution. Glucose and
agar (if making solid media) was measured as follows, and sterilized by autoclaving:
20 % glucose
2 % (w/v) agar (if making solid media)
Glucose was sterilized separately. Following sterilization, 18 % 5X SCahtlum concentrated
media and appropriate volumes of auxotrophic selection solutions were added. Liquid
stocks were filter sterilized and stored at 4°C. Solid media was used to pour plates,
cooled, and stored at 4 °C.
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mbSUS assay
Prior to interacting haploid strains, CUb fusion isolates were tested for
background activity using the lacZ reporter gene prior to mating as previously described
by X-gal overlay (Grefen et al., 2009). CUb and NUb haploid isolates were grown
overnight in SCl and SCtu liquid media, respectively (30°C, 250 rpm). 1 mL of overnight
culture was spun at room temperature for 5 minutes at 2,500xg. Cells were resuspended
in 200 mL YPD. 15 µL of each haploid isolate to mate were mixed and 10 µL of this
mating was plated on YPD and allowed to grow for 10-16 hours at 28 °C. Portions of
matings were streaked onto SCtlu plates and grown 2-3 days at 28 °C. Matings were
inoculated in SCtlu liquid media and allowed to grow overnight. Cultures were diluted to
0.1 and grown to an OD600 ~0.6-1.0. Cultures were diluted to an OD600 0.1 with dH2O,
plated onto SCtlum, SCahtlum, and SCahtlum + 10 mM 3-aminotriazole and grown 3-9 days at
28 °C.
Materials and methods for Chapter 4
Preparation of plasmids for yeast complementation assays
Genes of interest were cloned into pYES2 (Gal1 promoter) for transformation into
PAM2 via restriction enzyme ligation. The transformation of pYES2 plasmids was
performed via electroporation (see Transformation of electro-competent E. coli) of
JM109 electro-competent cells. pYES2 plasmid selection in liquid and solid media was
based on ampicillin resistance. Following restriction enzyme diagnostic tests, pYES2
clones were sent for sequencing prior to transformation into PAM2 (see DNA
quantification and sequencing).
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Yeast transformation for yeast complementation assays
Sequenced clones were transformed into the Saccharomyces cerevisiae yeast
strain PAM2 (Δpho89::TRP1 Δpho84::HIS3 ade2 leu2 his3 trp1 ura3) as previously
described (Geitz et al., 1995; Daram et al., 1999). The following are solutions used in the
yeast transformation:
10xTEL (500 mL):
1 M LiAc
100 mM Tris HCL, pH 7.5
10 mM EDTA
PEG/TEL (100 mL):
10 mL 10xTEL
40 g PEG (Sigma P-36450)
The above solutions were filter-sterilized. 10 mg/mL of salmon sperm DNA (ssDNA;
Roches no. 1467140) was kept in 1 mL aliquots at -20 °C.
A 4 mL overnight culture of a single PAM2 single colony was inoculated in YPD.
The following day, 400 µL of overnight culture was collected into a 1.5 mL microfuge
tube for each transformation. Cell cultures were centrifuged for 30 seconds at 8,000 rpm.
Following the spin, supernatant was removed. The pellet was washed with 400 µL
1xTEL buffer, spun as described previously and the supernatant was removed. The pellet
was resuspended in 100 µL 1xTEL. To this, 5 µL ssDNA and up to 5 µL of DNA (0.1 µg
plasmid) was added. The solution was allowed to sit at room temperature for 30 minutes.
700 µL PEG/TEL was added to the solution and slowly mixed with a pipet 8-10 times.
This was allowed to sit at room temperature for an additional hour. Following this
incubation, 88 µL DMSO was added and the solution was heat shocked for 10 minutes in
a 42 °C (pre-heated) water bath. Following heat shock, the solutions were centrifuged as
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above and decanted. The pellet was resuspended with 400 µL dH2O and re-centrifuged.
Following the removal of the supernatant, the pellet was resuspended in 400 µL dH2O
and 100 µL to 300 µL of the transformation was plated onto SCu plates (see Selection of
PAM2 yeast transformants).
Selection of PAM2 yeast transformants
A SCu dropout mix was prepared by measuring 0.8 g each of adenine hemisulfate,
arginine, histidine and methionine; 2.0 g each of isoleucine, leucine, lysine,
phenylalanine, L-serine, threonine, tryptophan and tyrosine; 6.0 g valine. These amino
acids were mixed and ground with a mortar and pestle and stored in a dry and dark
location.
For the selection of yeast strains, a 5X concentration of SCu media was prepared
for a stock solution as follows:
210 mM (NH4)2SO4
.944 % (w/v) YNB
.35 % (w/v) SCu dropout mix
pH 5.6 with NaOH
The 5X stock solution was filter sterilized and stored at 4°C.
Selective SCu solid media was prepared as follows:
20 % glucose
2 % agar
Glucose was sterilized separately. Following sterilization, 18 % 5X SCu concentrated
media was added. Plates were poured, cooled, and stored at 4 °C.
For the preparation of liquid media for growth assay, the following were
prepared:
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The following were dissolved in dH2O, filter sterilized, and stored at -20 °C in 50 mL
aliquots to prepare a 100X YNB Micronutrient solution (w/v):
0.05 % H3BO3
0.004 % CuSO4·5H2O
0.01 % KI, 0.02 % Fe·6H2O
0.04 % MnSO4·H2O
0.02 % Na2MoO4·2H2O
0.04 % ZnSO4·7H2O
0.04 % Calcium pantothenate
0.2 % myo-inositol
0.04 % nicotinamide
0.02 % p-aminobenzoic acid
0.04 % pyridoxine-HCl
0.02 % riboflavin
0.04 % thiamine-HCl
The following were dissolved in dH2O, filter sterilized, and stored at -20 °C in 15 mL
aliquots to prepare a 20,000X Biotin/Folic Acid solution (w/v):
0.04 % biotin
0.04 % folic acid
For the growth of yeast strains in high- and low- phosphate media, a 6.25X concentration
of SCu media was prepared for a stock solution as follows:
236 mM (NH4)2SO4
12.7 mM MgSO4·7H2O
10.7 mM NaCl
4.3 mM CaCl2·2H2O
45.3 mM KCl
0.39 % (w/v) SCu dropout mix
6.25 % 100X YNB Micronutrient solution
0.031 % 20,000X Biotin/folic acid solution
pH to 5.6 with HCl
The solution was filter sterilized and stored at 4 °C. A working concentration, 1.25X SCu,
for the growth of yeast strains in high- and low- phosphate media was prepared by
combining 17.78 % 6.25X with appropriate volumes of sterile de-ionized water. The

56

solution was filter-sterilized and stored at 4 °C. The following were prepared and stored
as described below for addition in high- and low- phosphate media used in growth assays:
1) 1 M KH2PO4; sterilized by autoclave and stored at room temperature
2) 40 % sucrose; filter sterilized and stored at 4°C
3) 20 % galactose; made fresh and filter sterilized
Yeast growth assays
Preparation of cells for growth rate assays was adapted from a previous method
(Muchhal et al., 1996). Isolates were grown in high phosphate (7.34 mM KH2PO4; pH
5.6) SCu medium containing 2 % sucrose until log phase, between an OD600 0.3-1. Cells
were spun at 6,500 rpm for 5 minutes at room temperature. The supernatant was
discarded and the pellet was spun as previously described in Pi and carbohydrate
deficient SCu media. The remaining liquid was discarded and the pellet was resuspended
in phosphate and carbohydrate deficient 1.25X SCu medium. After centrifugation, the
supernatant was discarded and the pellet was spun again. The remaining liquid was
discarded and the pellet was resuspended in 1mL 1.25X SCu and OD600 measurements
were obtained. Cells were brought to an OD600 ~0.025-0.03 in low Pi (25 µM), SCu media
containing 0.5 % sucrose with freshly made 2.0 % galactose and growth was monitored
(30 °C, 250 rpm) through log phase, about 40 hours. Once in log phase (OD600 ≥ 0.3),
samples were diluted 1:10 prior to obtaining optical density readings.
Yeast RNA extraction
After about 30 hours of growth in low Pi containing media (aliquots obtained
from Yeast growth assays), yeast cells were collected for RNA extraction as described
previously (Collart and Oliviero, 2001). Prior to cDNA synthesis, 0.3 to 0.5 µg of RNA
from all samples was DNase-treated with RNase-free RQ DNase (Promega). cDNA was
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synthesized using the Superscript III First-Strand Synthesis System for RT-PCR
(Invitrogen). RT-PCR reactions of 30 cycles were performed using Ex-Taq polymerase
(TaKaRa). RT-PCR gene-specific primers and ScActin primers are detailed in Appendix
Table 4. Qualitative analyses were determined by DNA gel electrophoresis and the
ChemiDoc™ XRS+ System with Image Lab™ Software (Bio-Rad). Adobe Photoshop
software was used to organize images.
32

P uptake assay
Cells were prepared as previously described for yeast complementation assays in

SCu media (25 µM Pi, 0.5 % sucrose, 2.0 % galactose) and brought to an OD600 ~0.05.
Once in log phase, cells were collected following a phosphate and carbohydrate deficient
1.25X SCu medium wash as previously described (See Yeast growth assays). Cells were
resuspended to an OD600 between 4.0-12.0 with 0 mM Pi, SCu media containing 3 %
glucose (Lau et al., 1998; Catarecha et al., 2007; Ai et al., 2009; Lundh et al., 2009).
K2H32PO4/KH2PO4 solutions were prepared using a final K2H32PO4 concentration of 2.5
µM with the remaining addition of KH2PO4 to obtain total Pi concentrations of 2.5 µM
and 10 µM. For total Pi concentrations of 50 µM, 100 µM and 250 µM,
K2H32PO4/KH2PO4 solutions were prepared using a final K2H32PO4 concentration of 25
µM with the remaining addition of KH2PO4. 375 µM, 500 µM, 625 µM, 750 µM, and
1000 µM Pi concentration were prepared using a final K2H32PO4 concentration of 50 µM.
200 µL of cells were used per each K2H32PO4/KH2PO4 solution for a total volume of 250
µL. K2H32PO4/KH2PO4 solutions containing no cells acted as controls and the method for
obtaining K2H32PO4 background activity. Following the addition of K2H32PO4, assays
were terminated after 6 minutes by passing 100 µL of cells through separate filter lined
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syringes (MCE Membrane Filter, 0.45 µM, TISCH Scientific), filtering once with 10 mL
ice-cold 100 mM KH2PO4, followed by 2 passes of air to dry filter (Wykoff and O'Shea,
2001; Catarecha et al., 2007). Filters were placed in scintillation vials containing 4 mL
ScintiVerse (Ramesh et al.) BD Cocktail (Fisher Scientific) for counting by a Beckman
LS 6000IC.
Preparation for localization assays
Plasmids expressing wild-type Pht1;1 and Pht1;1Y312X mutants in pEarleyGate101
(TAIR stock #CD3-683) (Earley et al., 2006; Karimi et al., 2007) were transformed into
the A. tumefaciens strain GV3101 by electroporation (see Transformation of electrocompetent Agrobacterium tumefaciens).
Agroinfiltration of tobacco leaves
Wild-type Nicotiana benthamiana were grown at 22°C under long-day conditions
until the 4-leaf stage (~3-4 weeks). For the infiltration of these plants, the following
Agrobacterium tumefaciens strains were grown separately and used for each infiltration:
1) Suppressor of gene silencing strain, AGL-1 [p19]. Selection with kanamycin
2) Facilitator protein, PHF1, for infiltration of Phts. Selection with rifampicin,
gentamycin, kanamycin.
These, and the agrobacterium strains with the genes of interest, were inoculated
and grown overnight at 28 °C. Following overnight growth, OD600 measurements were
taken. A fresh culture of each strain was inoculated to an OD600 of ≤0.5 and allowed to
grow at 28 °C until an OD600 between 1.0 and 2.0 was reached (about 5-6 hours). Strains
were not grown beyond an OD600 of 2.0 to avoid excess dead cells.
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The following solutions were prepared in advance:
100 mM MES, pH 5.9. Stored at 4 °C.
100 mM MgCl2. Stored at room temperature.
15 µM acetosyringone (in DMSO). Stored in aliquots of 50 µL and stored at -20 °C
The infiltration ratio used of p19:PHF1:PHT was 0.5:1.5:1.0. Appropriate
volumes of each culture were combined into centrifuge tubes and spun at 3,000 rpm for
10 minutes at room temperature. The supernatant was discarded and the pellet was
washed with 1 mL of 10 mM MgCl2 to remove antibiotics and respun. The supernatant
was discarded and the pellet was resuspended in 2mL of the resuspension solution (10
mM MES pH 5.9, 10 mM MgCl2, 15 µM acetosyringone; see below) and used
immediately for infiltration.
For a 5 mL resuspension solution:
0.5 mL 100 mM MES
0.5 mL 100 mM MgCl2
50 µL 15 µM acetosyringone
Raise to 5 mL with dH2O
Leaves were infiltrated with about 1 mL of the suspension. Using a 1 mL syringe
without a needle, leaves were infiltrated by gently pressing the syringe on the under side
of the leaf using a finger as counter pressure on the top of the leaf. Following infiltration,
the leaf looked dark and waterlogged. Infiltrated plants were returned to the growth
chamber for long-day conditions at 22 °C for 2-3 days prior to deconvolution microscope
viewing and imaging.
Leaves were infiltrated with 50 µM FM4-64 (Setareh Biotech) in water
immediately preceding microscopy (Liesche et al., 2010; Lin et al., 2013). Imaging was
captured at 40X using the Leica DM RXA2 deconvolution upright microscopy system in
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the Socolofsky Microscopy Center (LSU). Adobe Photoshop software was used to
organize images.
Materials and methods for Chapter 5
Stable transformation of plants
A floral dip method was used for the agrobacterium transformation
(Agrobacterium with genes of interest were prepared as previously described in
Preparation for localization assays) of Arabidopsis wild-type Columbia and Δpht1
Columbia plants. An abundance of seeds were sowed on to soil of 5x5 pots. Plants were
grown under long day conditions, at 22 °C and with optimal water until primary bud
growth. Prior to floral dipping, any and all siliques and open flowers were removed.
Overnight cultures of agrobacterium strains were grown at 30 °C in 500 mL YEP
(5 % (w/v) yeast extract, 10 % (w/v) peptone, 5 % (w/v) sodium chloride), including
antibiotics rifampicin, gentamycin, and kanamycin (pEarleyGate101 resistance marker).
For floral dipping, 100 µL of silwet-77 was added to the YEP culture immediately prior
to dipping pots. Plants were soaked in the agrobacterium solution for 2 to 3 seconds,
placed horizontally on trays and stored in a dark place overnight. Following this
overnight dark incubation, plants were erected and watered and left to mature. Seeds
were harvested and dried for 5-7 in a desiccator and later stored at 4 °C.
Selection of homozygous stable lines
T1 seeds collected from floral dipped plants (T0 plants) were screened for
resistance. The vector used here (pEarleyGate101) contains a Basta resistance gene for
plant selection. T1 seeds were sowed in soil. A Basta spray was begun on 9 to 12 day old
seedlings (4 leaf stage). Seedlings were sprayed with a 0.1 % Basta spray (1:1000
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dilution) every other day for a total of 3 sprays. Plants were allowed to grow to full term
and seeds were collected separately from independent lines and identified as “Line.T2
isolate number”. The number of resistant and sensitive seeds per line to identify
segregating lines (3:1 ratio means that the transgene is present as a single copy) was
determined following the plating of 50-100 T2 seeds on ½ MS plates (1 L: 2.15 g
Murashige & Skoog powder, 10 % sucrose; pH 5.7-5.8; 10 g plant agar) with 50 µM
Basta. This was the working Basta concentration for all plates and was able to decipher
between wild-type Columbia, Δpht1 Columbia plants, and plants with Basta resistance. If
segregating 3:1, at least 20 plants showing resistance per segregating line were
transferred to soil. T3 seeds were collected following full growth of plants. Two methods
were followed to determine if T3 lines were homozygous, i.e. 100 % resistance to Basta:
plating of 50-100 seeds on ½ MS plates with 50 µM Basta and/or spraying seedlings
sowed in soil with 0.1 % Basta for three sprays as described previously. As a rule of
thumb, to have at least 2 T3 homozygous lines for each construct aim for: 16 T1 plants, 8
T2 plants, and 3 to 4 T3 homozygous lines.
Seed sterilization and stratification
Seeds were stratified at 4 °C for 2-4 days following sterilization to induce
germination during plating. A bleach solution was used to sterilize seeds (700 µL dH2O,
300 µL bleach, 1 drop Tween). 1 mL of bleach solution was added per 1.5 mL tube
containing appropriate volume of seeds (usually no more than 100 µL). Tubes were
vortexed gently and laid on their side for no more than 10 minutes (usually 8 minutes).
Following the sterilization period, tubes were spun down for 15 seconds to settle seeds to
the bottom of the tube. The liquid was carefully decanted and 1 mL of sterile dH2O was
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added to the seeds and vortexed. Tubes were spun again for 15 seconds and the liquid
was removed. Washing with 1 mL of dH2O was repeated 2 to 3 more times. Seeds were
stored in 1 mL dH2O and placed at 4 °C for stratification.
Seedling growth on phosphate and arsenate
To observe physiological responses to low Pi and arsenate tolerance of Pht1;1 and
Pht1;1Y312D over-expression transformants, sterilized seedlings were plated onto ½ MS
media. For Pi studies, Pi concentrations of 625 µM, 200 µM and 100 µM were used.
Murashige & Skoog powder lacking Pi and with a Pi-deficient agar were used to prepare
½ MS plates. To observe relative growth of transformants under different Pi
concentrations, 15-20 seedlings were plated per line and grown under long day conditions
(16 hours of light) at 22 °C and allowed to grow 12-15 days. Plants were collected for
imaging to compare phenotypic growths and anthocyanin accumulation studies. To
observe root growth patterns, seedlings were plated alongside each other on a straight line
and allowed to grow vertically (media of vertical plates contained 1.5 % agar) for 12
days. Seedlings were observed to determine differences in primary root growth, root hair
production and length, and lateral root formation and growth. AsV studies of
transformants were performed on ½ MS media (complete with Pi) in AsV concentrations
of 0µM, 30 µM, and 60 µM. Sterilized seedlings were plated with the appropriate control
and allowed to grow under normal conditions for 14-15 days. Tolerances to AsV were
determined based on phenotypic observations including fresh weights measurements of
shoot tissues.
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Anthocyanin extraction and quantification
Anthocyanin extraction was performed on seedlings grown on ½ MS plates with
different Pi concentrations for 15 days under long-day conditions at 22 °C and extraction
methods were adapted from a previous study (Jiang et al., 2007). For this preliminary
study plants were collected by genotype, with at least 2 biological replicates of each
genotype per plate. Plants were weighed and stored as 10 mg-100 mg samples in foil
packets (with the weight recorded on packets). Seedling packets were flash frozen in
liquid N2 and stored at -80 °C until use.
For the extraction of anthocyanin, foil packets were emptied of seedlings into
liquid N2 cooled mortars and gently crushed with a cooled pestle. Anthocyanin extraction
solution was added in a 10 mg of FW to 1.5 mL extraction solution proportion. The
anthocyanin extraction solution was prepared as follows:
95 % methanol
1 % 10N HCl
4 % dH2O
Seedlings were macerated in the solution, poured into 1.5 mL tubes, and stored at 4 °C
overnight. Following an overnight incubation, samples were homogenized by vortexing
at full speed. 1 mL of the solution was aliquoted and spun in a centrifuge at full speed for
10 minutes at 4 °C. 1 mL of the supernatant was extracted and measured via spectrum
optical density between a range of 530 nm and 653 nm. Both readings were recorded and
anthocyanin content accumulation was calculated as follows:
𝐴𝐵𝑆350𝑛𝑚 − 0.24×𝐴𝐵𝑆653𝑛𝑚
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Arsenate growth assays and uptake assays
To determine growth of strains in AsV-containing media, usual yeast growth
assays were prepared as previously mentioned with the following differences: strains
were monitored in media with or without 4.5 µM AsV (KH2AsO4) and in 35 µM Pi. The
tolerance of strains was determined by comparing the percentage of growth of AsV
grown cells to the growth of strains in AsV lacking media. For uptake assays, the same
procedure was followed however a constant concentration of 100 µM AsV was included
with increasing Pi concentrations.
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Chapter 3. The in vivo and in vitro oligomeric interactions of Pht1;1 and
Pht1;4.
Introduction
Phosphorus is one of the most frequently limiting macronutrients for plant
growth. The plant Pht1 family of transporters is comprised of high and low-affinity
inorganic phosphate transporters (Phts) localized in diverse tissues that function in
phosphate (Pi) uptake and distribution to maintain Pi homeostasis (Schulze et al., 2003;
Nussaume et al., 2011; Fan et al., 2013). The Pht1 family of Arabidopsis consists of nine
Phts localized throughout the plant system. These members, with the exception of Pht1;6,
are expressed in the plasma membrane (PM) of epidermal root cells and induced under
Pi-deficient conditions. Pht1;1 and Pht1;4 show the greatest increase in expression under
Pi-stressed conditions and contribute significantly to Pi uptake (Mudge et al., 2002; Shin
et al., 2004; Nussaume et al., 2011).
Many membrane transporters can oligomerize into higher-order structures, which
may confer structural and functional variations distinct from monomers, e.g. allosteric
changes, affinity, catalysis, and modifications in stability (Marianayagam et al., 2004;
Clarke and Gulbis, 2012; Matthews and Sunde, 2012). Furthermore, post-translational
modifications, e.g. phosphorylation, induced by the environmental availability of
nutrients have been shown to trigger higher-order complex formation of membrane
nutrient transporters (Loque et al., 2007; Sun et al., 2014). The formation of oligomeric
structures of various membrane plant nutrient transporters and channels have been
identified, including Arabidopsis high-affinity sulfate transporters (Kataoka et al., 2004;
Rouached et al., 2008), Solanaceae and Arabidopsis sucrose transporters (Reinders et al.,
2002a; Reinders et al., 2002b; Schulze et al., 2003), ammonium transporters from tomato
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and Arabidopsis (Ludewig et al., 2003; Graff et al., 2011; Yuan et al., 2013), Arabidopsis
high-affinity nitrate transporters (Okamoto et al., 2006; Orsel et al., 2006; Wirth et al.,
2007; Sun et al., 2014), and Arabidopsis potassium channels (Obrdlik et al., 2004; Duby
et al., 2008). NRT1.1, a Major Facilitator Superfamily (MFS) transporter, is a classic
example of where post-translational modifications act in accord with oligomerization to
alter transporter regulation. NRT1.1 homo-oligomerization has been associated with its
phosphorylation state, as observed per biophysical and crystallographic methods (Sun et
al., 2014). Previously, NRT1.1 was identified as having two distinct uptake affinities, i.e.
low-affinity and high-affinity, at the control of a “phosphorylation switch” at Thr101 (Liu
et al., 1999; Liu and Tsay, 2003; Ho et al., 2009; Gutierrez, 2012; Parker and Newstead,
2014). Crystallography has revealed that phosphorylation decouples NRT1.1 homomeric
interactions, leading to the reorganization of functional monomers with high-affinity
nitrate uptake capabilities (Sun et al., 2014).
Evidence for the oligomerization of Phts stems from characterization studies of
MtPT1, a Pht1 family transporter from Medicago truncatula, where western blot analysis
showed higher molecular weight bands coinciding with possible oligomeric structures
(Chiou et al., 2001). More recent western blot analysis of other Pht1 family members and
a dominant-negative effect of ectopic Pht1 transporter expression further suggest the
formation of Pht1 oligomeric complexes in Arabidopsis (Catarecha et al., 2007; Jia et al.,
2011; Nussaume et al., 2011). In addition, the crystallization of a eukaryotic Pht, PiPT,
suggests trimer formation (Pedersen et al., 2013). However, oligomerization of Pht1
transporters has not previously been demonstrated by direct methods for measuring
protein-protein interactions. Here, we show the homo- and hetero-oligomerization of
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Arabidopsis Pht1;1 and Pht1;4 via split in vivo assays and in vitro analysis. We used the
split luciferase complementation assay and co-immunoprecipitation to study these
interactions within a plant system (i.e. plant protoplasts and microsomal root tissues,
respectively). We confirmed these results using in vivo yeast systems with mating-based
split ubiquitin and yeast-two hybrid. These studies confirm the capabilities of Phts Pht1;1
and Pht1;4 to form higher-ordered structures.
Results
In vivo and in vitro analyses of Pht1;1 and Pht1;4 protein interactions
A split luciferase complementation (SLC) assay optimized for Arabidopsis
protoplasts (Kato and Jones, 2010) was used to determine the homomeric and
heteromeric assembly capabilities of Pht1;1 and Pht1;4. This method has been used
previously to identify interactions among Arabidopsis syntaxin proteins, as well as
ammonium transporters (Fujikawa and Kato, 2007; Lalonde et al., 2010). Pht1;1 and
Pht1;4 cDNAs were inserted into plasmids containing the N-terminal (NLuc) and Cterminal (CLuc) halves of Renilla luciferase, in which the C-terminal end of each cDNA
was fused to the corresponding fragment. As positive controls, we also examined the
homomeric interaction of the Arabidopsis AMT1;1 ammonium transporter (Ludewig et
al., 2003; Lalonde et al., 2010) and H2A and H2B heteromeric interactions (Fujikawa and
Kato, 2007). As shown in Figure 10, luciferase activity was observed for homomeric
Pht1;1 and heteromeric Pht1;1-Pht1;4 at levels comparable to the AMT1;1 and H2A-H2B
controls. The luciferase activity for homomeric Pht1;4 was lower, but was still above that
for the AMT1;1-Pht1;4 negative control. Together the data reveal oligomerization of
Pht1;1 and Pht1;4 into higher-order structures in vivo. In vitro analysis using co-
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immunoprecipitation confirmed the interactions between Pht1;1 and Pht1;4 (data not
shown; work provided from collaborations with Tzyy-Jen Chiou and Wei-Yi Lin).
Polyclonal antibodies were raised against Pht1;4 and Pht1;1. The anti-Pht1;1 antibodies
were shown to cross-react with Pht1;2 and Pht1;3 based on the high sequence identity
between these proteins and Pht1;1 (89 % and 97 %, respectively) (Shin et al., 2004).
However, as Pht1;1 is expressed considerably higher in root tissues as compared with
Pht1;2 and Pht1;3 (Shin et al., 2004), it is likely that Pht1;1 comprises the majority of the
Pht1;1/2/3 component. Pht1;1/2/3 and Pht1;4 were immunoprecipitated from total
microsomal proteins isolated from root tissue of wild-type or the pht1;4 mutant using
anti-Pht1;1/2/3 and anti-Pht1;4 antibodies, respectively. Subsequent immunoblot analysis
of bound proteins was performed with the corresponding antibody to confirm homomeric
and heteromeric interactions. As a negative control, total microsomal proteins were
immunoprecipitated without the addition of antibodies, resulting in no detection of
unbound IP products. The analysis of bound Pht1;4 from pht1;4 fractions served as an
additional negative control and resulted in a lack of Pht1;4 signal.
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Figure 10 Pht1;1 and Pht1;4 interact to form homomeric and heteromeric oligomers
Split luciferase complementation analysis of Arabidopsis protoplasts co-expressing
AMT1;1, Pht1;1, and/or Pht1;4. AtAMT1;1 interactions with itself or co-expressed with
AtPht1;4 correspond to positive and negative controls, respectively. Results were
obtained from at least two independent experiments carried out in replicate with
evaluation of standard full-length Renilla luciferase activity and NLuc-H2A and H2BCLuc interaction activities. Data are means ± S.D. (n≥6).
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Figure 11 Split assays in yeast confirm homomeric and heteromeric interactions of Pht1;1
and Pht1;4
Split ubiquitin analysis of AMT1;1, Pht1;1, and Pht1;4. Positive interactions were
identified on minimal media (SCahtlum) with 10mM 3-aminotriazole. As a positive control,
growth was monitored for matings of each of AMT1;1, Pht1;1, and Pht1;4 with the nonmutated amino half of ubiquitin, NUbWT. AMT1;1, Pht1;1, and Pht1;4 mating with
NUbG, the mutated N-terminal half of ubiquitin, as well as AMT1;1 mating with Pht1;1
and Pht1;4 served as negative controls.
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In vivo analyses of Pht1;1 and Pht1;4 protein interactions in yeast systems
The split-ubiquitin system (mbSUS) has been adapted to observe interactions of
plasma membrane-bound proteins (Obrdlik et al., 2004; Grefen et al., 2007; Grefen et al.,
2009; Chen et al., 2012). The mbSUS system was used to further validate interactions
between Pht1;1 and Pht1;4. Ubiquitin specific proteases recognize the formation of a fulllength ubiquitin protein as a result of interacting proteins. These enzymes allow for the
activation of the lexA promoter driven reporter genes LacZ, ADE2, and HIS3 (Grefen et
al., 2009). AMT1;1, Pht1;1 and Pht1;4 cDNAs were cloned into vectors containing the
C-terminal half of ubiquitin (X-CUb) fused to the C-terminal end of the target protein
and/or the N-terminal mutated half of ubiquitin (NUbG-X) fused to the N-terminus of
proteins. The I13G mutation of the N-terminal half of ubiquitin prevents selfreconstitution of ubiquitin (Grefen et al., 2009). Plasmids were transformed into
appropriate Saccharomyces cerevisiae haploid a and α strains and mated. Interactions
were measured by observing growth on selective media (SCahtlum) with 10 mM 3aminotriazole (3-AT), which was shown in preliminary experiments to remove false
positives (data not shown), as in previous studies (Zhang et al., 2009). For controls,
AMT1;1-CUb, Pht1;1-CUb and Pht1;4-CUb were mated with NUbWT (NUbI), the
unmutated N-terminal half of ubiquitin, and NUbG, the mutated N-terminal half of
ubiquitin, lacking a target protein. As shown in Figure 11 , growth was observed for
matings between cells expressing ubiquitin fragment fusions of Pht1;1 and Pht1;4, but
not for the negative control matings between AMT1;1 and Pht1;1 or Pht1;4. Split
ubiquitin yeast-two-hybrid analysis further confirmed the interaction of Pht1;4 with itself
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and Pht1;1 by monitoring β-galactosidase activity (data not shown; work provided from
collaborations with Tzyy-Jen Chiou and Wei-Yi Lin).

Discussion
Our analyses of split in vivo interaction assays reveal that Pht1;1 and Pht1;4 form
homomeric and heteromeric oligomers (Figure 10, Figure 11). Interaction was also
observed among root-localized Pht1 members via in vitro analysis of microsomal
proteins, suggesting that interaction among high-affinity Pi transporters involved in Pi
acquisition from the soil exists (data not shown). These molecular and physiological
implications of Pht1;1 and Pht1;4 oligomerization may be consistent among Pht1
transporters sharing common functional attributes, e.g. high-affinity Pi transporters.
Alternatively, tissue localization patterns of Pht1 transporters may contribute to their
capabilities or needs to interact, i.e. where tight regulation of Pi transport that may be
associated with an oligomeric structure may not be essential in shoot and vascular tissues.
The distribution of expression of Pht1;1 and Pht1;4 among the entire plant varies; in
addition to regulated expression in the root system, Pht1;4 promoter analysis indicates
expression in stipules and reproductive organs, as well as in senescing leaves of Pideficient plants (Karthikeyan et al., 2002; Karthikeyan et al., 2009; Nussaume et al.,
2011). If tissue localization is suggestive to how essential oligomerization is, this may
explain the relatively low SLC (Figure 10) and qualitative β-galactosidase (data not
shown) observations of the homomeric Pht1;4 interaction as compared to Pht1;1.
Although β-galactosidase activity was not quantified, qualitative analysis suggests
differences in strengths of these interactions- where the interaction of Pht1;4 with Pht1;1
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appears stronger than with Pht1;4. Studies on the interaction occurring among Pht1
transporters expressed in other tissues, with a focus on Pht1;4 oligomerization, could
determine whether interaction plays a tissue-specific regulatory role.
Pht1 transporters are MFS members, a group of proteins consisting of 12- or 14trans-membrane domains, cytoplasmic-oriented N and C termini, and secondary active
transport (Abramson et al., 2004; Yin et al., 2006; Yan, 2013). Multiple MFS transporters
have been found to form oligomeric complexes (Veenhoff et al., 2001; Reinders et al.,
2002a; Reinders et al., 2002b; Safferling et al., 2003; Schulze et al., 2003; Abramson et
al., 2004; Yin et al., 2006; Wirth et al., 2007; Rouached et al., 2008; Yan, 2013).
Additionally, relationships between the oligomeric structure and transporter function of
MFS transporters, and other plant membrane nutrient transporters, have been established
(Hebert and Carruthers, 1992; Hamill et al., 1999; Veenhoff et al., 2001; Loque et al.,
2007; Wirth et al., 2007; Yuan et al., 2007; Graff et al., 2011). The need for Pi transporter
to interact could mimic Arabidopsis nitrate transporters, which, as previously mentioned,
form higher-order structures at the PM (Orsel et al., 2006; Yong et al., 2010; Kotur et al.,
2012; Sun et al., 2014). It has been suggested that various forms of these proteins are
active in nitrate transport and may occur as a protective mechanism to tightly regulate
nitrate uptake and/or control protein synthesis (Orsel et al., 2006; Wirth et al., 2007;
Yong et al., 2010).
As previously mentioned, it may be possible that Phts exist as trimeric complexes,
similar to what has been previously observed with Arabidopsis ammonium transporters
(AMTs). The C-terminal domains of these 11-TM proteins allosterically regulate trimer
formation. The C-terminus not only is involved in the physical interactions between
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AMTs but is also capable of modulating pore conductivity by mediating conformational
changes at the discretion of ammonium availability (Ludewig et al., 2003; Loque et al.,
2007; Lanquar et al., 2009). These observations were made following the mutagenesis of
conserved C-terminal domain residues among bacteria, fungus, and plant AMTs (Loque
et al., 2007; Loque et al., 2009). Mutants co-expressed with native AMT transporter
proteins resulted in a stable yet inactive unit (Loque et al., 2007). It has been proposed
that the regulation of active and inactive trimeric forms of AMTs is at the control of the
phosphorylation of a conserved threonine residue in response to increased external
ammonium concentrations. Such abilities, and with further studies, have proposed that
AMTs function as transceptors alongside their transporter capabilities (Lanquar et al.,
2009; Gojon et al., 2011). Studies could be performed to determine if trimer formation
suggested by crystallographic studies is biologically relevant across eukaryotic Pht
structures for a deeper understanding of the higher-ordered structure of Phts.
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Chapter 4. A site-directed mutant of Pht1;1 that blocks dimerization
but enhances phosphate transporter activity.
Introduction
Studies of Pht1 transporters from a variety of plant species (Daram et al. 1998;
Leggewie et al. 1997; Liu et al. 1998; Liu et al. 2008; Qin et al. 2012), and other
eukaryotes (Bun-ya et al. 1996; Pedersen et al. 2013), suggest phosphate transporters
(Phts) are integral for maintaining phosphate (Pi) homeostasis (Muchhal et al., 1996;
Mitsukawa et al., 1997; Shin et al., 2004). Of the nine members that make up the Pht1
family in Arabidopsis (Mudge et al. 2002), the high-affinity Phts Pht1;1 and Pht1;4 are
expressed at relatively high levels in the root and contribute significantly to Pi and
arsenate (AsV) uptake (Catarecha et al. 2007; LeBlanc et al. 2013; Misson et al. 2004;
Shin et al. 2004). The involvement of regulatory and signaling components in Pi
homeostasis has been extensively studied alongside Pht1 transporter expression.
Transcription of Pht1 transporters is positively regulated by Pi starvation, WRKY
transcription factors, e.g. WRKY45, WRKY75, and the bona fide PHR1 MYB-like
transcription factor involved upstream of the miR399-PHO2 pathway (Bari et al., 2006;
Devaiah et al., 2007; Wang et al., 2014).
In addition to being transcriptionally induced, Pht1;1 and Pht1;4 are further
regulated at the post-transcriptional and post-translational level. NLA and PHO2 are
ubiquitin-enzymes known to cooperatively mediate the degradation of Pht1 transporters
upon optimal Pi conditions within independent compartments (Huang et al. 2013; Lin et
al. 2013a). The miR399-PHO2 pathway involves the upregulation of the long-distance
signal miR399 at the control of PHR1 under Pi-deficient conditions to mediate the
degradation of PHO2 in the roots (Bari et al. 2006; Liu et al. 2014b; Pant et al. 2008).
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PHO2 has been shown to target Pht1;1, and maybe other Pht1 proteins, for degradation
via physical interactions within endoplasmic reticulum (ER) compartments (Huang et al.
2013). NLA, a nitrogen starvation response gene whose activity is down-regulated under
Pi-deficient conditions, is associated with the post-transcriptional ubiquitination of Pht1;4
proteins putatively in cooperation with PHO2 to regulate Pi levels under Pi replete
conditions (Huang et al. 2013; Lin et al. 2013a; Park et al. 2014). Under Pi limitation
NLA is suppressed by miRNA827 to ultimately prevent the degradation of Pht1;4
proteins via physical interactions at the plasma membrane (PM) (Huang et al. 2013).
Both PHO2 and NLA are comprised of SPX domains, which have been implicated to
have a regulatory role in signaling and Pi homeostasis (Wang et al. 2004). Pht1 proteins
have further been shown to undergo post-translational modifications, i.e. phosphorylation
and ubiquitination, most commonly as a result of Pi availability (Nuhse et al., 2004; Hem
et al., 2007; Bayle et al., 2011). For instance, the post-translational regulation of Pht1
transporter proper targeting to the PM by PHF1, an ER localized traffic facilitator, is
triggered by the availability of Pi (Bayle et al. 2011; Gonzalez et al. 2005).
In this study, site-directed mutagenesis was performed on a highly conserved Pht
motif now recognized to play a role in Pi substrate binding (Pedersen et al., 2013). Here,
the substitution of Tyr312 to Asp in Pht1;1 was found to confer with an increased Pi
transport capacity (Vmax) and prevents the homomeric assembly of Pht1;1 proteins. These
results suggest that Tyr312 is an essential amino acid critical in the transport reaction
mediated by Pht1;1 and/or that Tyr312 may serve as a controlled residue to regulate
transporter activity and possibly transporter interaction.
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Results
The role of a conserved Pi transporter motif in oligomerization
Pht1 transporters are MFS members, a group of proteins consisting of 12- or 14trans-membrane domains, cytoplasmic-oriented N and C termini, and secondary active
transport (Abramson et al., 2004; Yin et al., 2006; Yan, 2013). Multiple MFS transporters
have been found to form oligomeric complexes (Veenhoff et al., 2001; Reinders et al.,
2002a; Reinders et al., 2002b; Safferling et al., 2003; Schulze et al., 2003; Abramson et
al., 2004; Yin et al., 2006; Wirth et al., 2007; Rouached et al., 2008; Yan, 2013).
Additionally, relationships between the oligomeric structure and transporter function of
MFS transporters, and other plant membrane nutrient transporters, have been established
(Hebert and Carruthers, 1992; Hamill et al., 1999; Veenhoff et al., 2001; Loque et al.,
2007; Wirth et al., 2007; Graff et al., 2011; Yuan et al., 2013). Prior to the availability of
the three-dimensional structure of PiPT, a Pi transporter from the root endophytic fungus
Piriformospora indica (Pedersen et al., 2013), we generated a putative Pht1;1 homomeric
structure using Phyre2 Fold Recognition and Chimera software to identify potential
protein interfaces based on molecular and biochemical similarities of known oligomeric
crystal structures (Pettersen et al., 2004; Kelley and Sternberg, 2009). A homomeric
model was created by superimposing Pht1;1 to the E. coli multidrug transporter EmrD
crystal structure, a MFS protein that produced high confidence scores with the Pht1;1
alignment, suggestive of overall protein fold overlap (confidence 99.9; 13 % identity)
(Yin et al., 2006). From this model, and sequence similarity among Pi transporters from
higher plants and yeast, we identified a highly conserved motif, WFLLDIAFY (Figure
12), which occupied the potential interface between monomers of a hypothetical Pht1;1

77

dimer. Interestingly, the PiPT structural study proposed that three residues within this
same motif (Trp304, Asp308, and Tyr312) have integral roles in Pi binding and appear to
be oriented within the pore of the protein (31 % sequence identity with Pht1;1) (Figure
13) (Pedersen et al., 2013). However, oligomerization of PiPT monomers was not
implicated.
To determine the role of the WFLLDIAFY motif in interaction, we mutated
residues W304R, F305E, D308A, I309E, F311E, Y312D simultaneously to generate
Pht1;1-m (Figure 14) and also generated Pht1;1 proteins containing each individual
mutated residue. All mutants were each co-expressed with native Pht1;1 in protoplasts
and interaction was measured using SLC (Figure 14). Protoplasts expressing Pht1;1 and
either

Pht1;1F305E,

Pht1;1D308A,

Pht1;1I309E,

or

Pht1;1F311E

resulted

in

reconstituted luciferase activity corresponding to 54.4 %- 102.9 % of the luciferase
activity of the homomeric Pht1;1 interaction. The high relative luminescence (2.8 fold)
observed for the interaction between Pht1;1 and Pht1;1W304R remains unclear. In
contrast, we observed a significant lack of luciferase activity with native Pht1;1 coexpressed with Y312D, which may be contributing to the lack of interaction seen with the
co-expression of Pht1;1-m (Figure 14).
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Figure 12 Identification of a conserved motif among PHTs
Chimera and MultAlin software were used to identify a highly conserved motif in lowaffinity and high-affinity Pht1 transporters from Arabidopsis thaliana, Oryza sativa,
Medicago truncatula, Hordeum vulgare, Solanum tuberosum, Piriformospora indica and
Saccharomyces cerevisiae. Highlighted residues indicate conserved motif of interest
studied.

Figure 13 PiPT crystal structure with motif of interest
The PiPT crystal structure orients the conserved motif (highlighted) towards the cavity of
the protein. In PiPT, WFLVDIAFY was identified to hold three phosphate-binding sites,
Trp320, Asp324, and Tyr328 (Pedersen et al., 2013).
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Figure 14 Interaction of the Pht1;1 homo-oligomer is abolished by mutation of Tyr312
Split luciferase complementation analysis co-expressing Pht1;1 with mutant Pht1;1
proteins. Results were obtained from two independent experiments with standard fulllength Renilla luciferase activity and NLuc-H2A and H2B-CLuc interaction activity.
Data are means ± S.D. (n≥6).
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Figure 15 Co-expression of Pht1;1 with Tyr312 mutants shows reconstituted luciferase
activity with Y312A and Y312F
Pht1;1 homomeric interaction is abolished by the Pht1;1Y312D mutant. Results were
obtained from two independent experiments with standard full-length Renilla luciferase
activity and NLuc-H2A and H2B-CLuc interaction activity. Data are means ± S.D. (n≥6).
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Tyr312 plays a role in Pht1;1 interaction and function
We found that when Pht1;1 was mutated to Pht1;1Y312D, interaction of the Pht1;1
homo-oligomer was disrupted (Figure 14). To better understand the role of Tyr312 in
homomeric Pht1;1 interaction, we generated two additional mutants, Pht1;1Y312A and
Pht1;1Y312F. We found reconstituted luciferase activity for the interaction between native
Pht1;1 and each mutant at a level similar to the homomeric native Pht1;1 interaction
(Figure 15 C). Thus, mutation of Tyr312 to Asp, but not Ala or Phe, abolishes Pht1;1
homo-oligomerization. To determine whether changes in interaction were associated with
improper processing (e.g. localization) of Pht1;1Y312D, we transiently expressed YFP
fusions of the Tyr312 mutants in Nicotiana benthamiana leaves. Because infiltration of
Pht1;1 and Tyr312 mutants alone resulted in little visual detection (data not shown), coinfiltration was performed with p19, an RNAi silencing suppressor previously used to
enhance fluorescent expression in planta (Baulcombe and Molnar, 2004; Brkljacic et al.,
2009), and AtPHF1 (Gonzalez et al., 2005; Bayle et al., 2011). Prior to microscopy, the
PM of epidermal cells was stained with FM4-64, an endocytic marker (Liesche et al.,
2010; Bayle et al., 2011; Lin et al., 2013). As shown in Figure 16, we observed colocalization of FM4-64 and each of the Pht1;1Y312D, Pht1;1Y312A and Pht1;1Y312F proteins,
indicating that mutations of Tyr312 did not disrupt the proper localization of Pht1;1.
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Figure 16 Intracellular plasma membrane localization of Pht1;1 Tyr312 mutations
Nicotiana benthamiana leaves of 4 week old plants were transiently transformed by agroinfiltration with Pht1;1, Y312D, Y312A, and Y312F and co-infiltrated with p19, a gene
silencing suppressor, and PHF1, a facilitator protein. Leaves were infiltrated with the
endocytic marker FM4-64 prior to deconvolution microscopy. Merged images of Pht1;1
and Tyr312 mutants with FM4-64 shows overlapping localization of YFP and red
fluorescence. No neighbors deconvolution images were captured at 40X.
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Y312D mutation increases phosphate uptake
Heterologous expression of plant Pht1 proteins in Pi-uptake defective yeast strains
has been used previously to characterize Pi transporter activities (Bun-ya et al., 1996;
Yompakdee et al., 1996; Leggewie et al., 1997; Smith et al., 1997; Liu et al., 2008b; Jia
et al., 2011; Liu et al., 2014a). Herein we used this system to determine the impact of the
Tyr312 mutations on Pht1;1 activity. The mutant Saccharomyces cerevisiae yeast strain
PAM2 (Δpho89::TRP1 Δpho84::HIS3 ade2 leu2 his3 trp1 ura3) was transformed with
Gal1 promoter-driven pYES2 plasmids containing Pht1;1, Pht1;1Y312D, Pht1;1Y312A, or
Pht1;1Y312F. For controls, PAM2 was transformed with the pYES2 plasmid containing the
native yeast Pht1 Pi transporter, ScPho84, or an empty vector. Screened transformants
were grown in 25 µM Pi with galactose and the growth rate was monitored through log
phase to calculate growth rate coefficients via exponential regression (Figure 17 ). As
expected, cells expressing Pho84 exhibited a higher growth rate coefficient than cells
containing the empty pYES2 vector, consistent with Pho84-complementation of the
PAM2 Pi uptake defect. Expression of Pht1;1, Pht1;1Y312A, or Pht1;1Y312F also
complemented this defect, but only moderately. These results suggest that the Y312A and
Y312F mutations did not affect Pht1;1 function. In contrast, the growth rate coefficient of
Pht1;1Y312D exceeded that of Pht1;1 by 1.5-fold to a level comparable to that of Pho84complemented cells, suggesting enhanced Pi transport activity of Pht1;1 by the Y312D
mutation. Significant differences were determined using Student’s t-test, where P≤0.05
(Table 1). RT-PCR experiments confirmed equivalent transgene expression in each of the
yeast isolates (Figure 18).
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Figure 17 Growth rate of Y312D exceeds the growth rate of Pht1;1, Y312A, and Y312F
under low Pi conditions
The mutant S. cerevisiae yeast strain PAM2 (Δpho89::TRP1 Δpho84::HIS3 ade2 leu2
his3 trp1 ura3) was complemented with Gal1 promoter driven pYES2-plasmids
containing Pht1;1, Pht1;1Y312D, Pht1;1Y312A, and Pht1;1Y312F. As a control, PAM2 was
complemented with the pYES2-plasmid containing the native yeast high-affinity
phosphate transporter, ScPHO84, or an empty vector. Transformants were grown in SCu
media containing 25 µM phosphate with 0.5 % sucrose, 2.0 % galactose and growth rate
was monitored for up to 40 hours. The growth coefficient was generated from repeated
exponential growth experiments and derived using regression analysis (where n≥3,
0.999≥R2≥0.967). Data are means ± S.D.

Table 1. Student’s t-test of growth coefficient values
The growth coefficient of Pht1;1Y312D is statistically significant from the values obtained
of Pht1;1, Pht1;1Y312A, and Pht1;1Y312F and statistically similar to PHO84. Comparisons
between different strains are illustrated above; those pairs showing true significance are
highlighted in gray, where P≤0.05.
pYES2
5.68E-05

Pht1;1
Pht1;1Y312D
0.000839578 0.760632196
0.046319418 0.012208427
0.006431423

Pht1;1Y312A
0.003552047
0.035711262
0.592843217
0.020514918
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Pht1;1Y312F
0.001255224
0.084290275
0.79330962
0.010590455
0.417294805

PHO84
pYES2
Pht1;1
Pht1;1Y312D
Pht1;1Y312A

Figure 18 RT-PCR of RNA isolated from yeast shows similar transgene transcript
abundance.
cDNAs of PHT1;1, Pht1;1Y312D, Pht1;1Y312A, and Pht1;1Y312F were synthesized from RNA
isolated from yeast. Qualitative transcript abundance was obtained from RT-PCR
reactions of 30 cycles followed by DNA gel electrophoresis.
To determine whether the increased growth rate of yeast expressing Pht1;1Y312D is
due to enhanced Pi uptake capabilities, we performed

32

P uptake assays to compare the

kinetic properties of Pht1;1 and Pht1;1Y312D (Figure 19). Yeast cells were grown in Pireplete media to log phase, washed with Pi-free media, and subjected to short-term

32

Pi

uptake assays with varying external Pi concentrations. The Pi uptake of cells expressing
Pht1;1 or Pht1;1Y312D showed Michaelis-Menten kinetics and exhibited similar Km values
of 591 ± 188 and 554 ± 115, respectively (Table 2. Kinetic properties of Pht1;1 and
Pht1;1Y312D), indicating that Y312D does not affect the Pi affinity of Pht1;1. In contrast,
the Vmax for Pht1;1Y312D was approximately 7.7-fold higher relative to Pht1;1 (Table 2.
Kinetic properties of Pht1;1 and Pht1;1Y312D), suggesting that the Y312D mutation
enhances the Pi uptake capacity of Pht1;1.
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Figure 19 Uptake assay profile of Pht1;1 and Pht1;1Y312D
Representation of graphical data obtained from individual 32P uptake analysis of Pht1;1
(open square) and Pht1;1Y312D (filled square). Kinetic parameters were determined based
on means of biological replicates.
Table 2. Kinetic properties of Pht1;1 and Pht1;1Y312D
Pht1;1 and Pht1;1Y312D cDNAs were expressed in the PAM2 yeast mutant using pYES2
Representative transformants expressing each cDNA were used in 32P uptake assays,
measured for multiple phosphate concentrations between 0 and 1000 µM for 6 minutes.
The kinetic constants were calculated from Michaelis-Menten analysis generated via nonlineaer regression for results obtained from three independent experiments run in
duplicate and are the mean ± S.E. (n = 3).

Pht1;1
Pht1;1Y312D

Km
µM
544 ± 156
507 ± 101
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Vmax
pmol 10 cells-1 min-1
101 ± 13
780 ± 102
7

Discussion
The findings of this study highlight the effects of mutating Tyr312 by measuring
Pi uptake and protein interaction in an in vivo system. The heterologous expression of
Pht1 transporters in yeast has previously been sited to yield discordant growth rate
capacities as well as unanticipated Km and Vmax values (Leggewie et al., 1997; Rae et al.,
2003; Liu et al., 2008b; Jia et al., 2011; Liu et al., 2014a). While we have observed the
inability of Pht1;1 to complement the mutant Δpho84Δpho89 at rates comparable to
Pho84, which has been described previously (Bun-ya et al., 1996; Yompakdee et al.,
1996; Leggewie et al., 1997; Smith et al., 1997; Jia et al., 2011; Liu et al., 2014a), we
observed complementation levels of strains expressing Pht1;1Y312D in complementation
growth assays similar to Pho84 (Figure 17 ). Our uptake analysis revealed a further
anomaly; although Km values were unaffected by the mutation of Tyr312, a significant
increase was observed in the value of Vmax (Table 2. Kinetic properties of Pht1;1 and
Pht1;1Y312D). While this activity may be related with enhanced targeting, uptake
capacities, or catalysis (Lu and Bush, 1998), the premise by which Pht1;1 proteins may
cooperate together to obtain effective uptake of Pi into the plant needs to be further
evaluated (as seen in Chapter 2). Increased Vmax of Pi uptake systems, with an unchanged
Km, have been observed in pho2 and miR399-over expressed plants (Aung et al., 2006).
These similar properties in Pi uptake to our results of Pht1;1Y312D uptake capacities may
subtly suggest a response to generate Pht1;1 oligomers prior to PHO2’s negative
regulation on Pht1;1 (Liu et al., 2014b). Furthermore, our observations from the transient
localization of Pht1;1 and Pht1;1Y312D implies that the Y312D mutation did not affect PM
targeting; we hypothesize that Pht1;1Y312D localization retention at the PM suggests that
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Pht1;1 transporters with varying kinetic properties as a result of changes in structure may
play a regulatory role at the PM.
It is possible that the oligomerization of Pht1;1, as previously demonstrated in
Chapter 2, may act in accord with Pi availability to maintain plant Pi homeostasis, e.g.
allosteric control of Pi transport, negative regulation parallel to protein ubiquitination
machinery, post-translational regulation (Bayle et al., 2011; Huang et al., 2013; Lin et al.,
2013; Yuan et al., 2013). Moreover, Pht1;1, regardless of higher-order structure, could be
participating in Pi signaling as a transceptor- a transporter capable of sensing external
nutrient concentrations to initiate a signaling chain that controls cellular reactions.
Separate from transporter function, NRT1.1 has previously been classified as a
transceptor for its capabilities of generating alternate levels of primary response, i.e.
changes in affinity binding, to external nitrate concentrations (Ho et al., 2009).
Transceptor occurrences have been observed previously with Pi transporters; transceptor
activity of PHO84 from yeast generates its ability to sustain rapid phosphate signaling
(Giots et al., 2003; Popova et al., 2010). Evidence suggests Phts too may provide a
similar mechanism; Pht1;1 and Pht1;4 not only contribute significantly to Pi uptake under
Pi limitation but also provide a mechanism to rapidly exploit high-phosphate containing
areas (Shin et al., 2004). In addition, identification of Pht1;1 oligomerization correlations
with the regulatory roles of PHO2, which harbors SPX domains that often possess
varying degrees of involvement in signaling, may help to further reveal Pht1;1
transceptor functions. In nitrate transporters, a conserved residue (Pro492 in NRT1.1) is
suggested to be responsible for triggering nitrate signaling and sensor abilities (Ho et al.,
2009; Sun et al., 2014). Curiously, we performed sequence alignments of NRT1.1 and
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Pht1;1 and found that the proline residue responsible for transceptor abilities of NRT1.1
aligns with a proline residue in Pht1;1 (alignment not shown). This was not further
studied, however. Findings associating higher order structure of transporters with changes
in uptake capacities alongside sensing capabilities of MFS nutrient proteins could lead to
a model illustrating the sensing mechanisms of Pht1 transporters to better characterize
their ability to sense a wide range of Pi concentrations, generate varying levels of primary
Pi responses, and identify complex mechanisms involved in Pi transport and signaling.
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Chapter 5. How does altering Tyr312 in Arabidopsis Pht1;1 affect in
planta phosphate and arsenate uptake?
Introduction
Phosphate (Pi) deficiency alters root architecture formation in multiple ways
including the inhibition of primary root growth and an increase in the production and
length of root hairs and lateral roots. These adaptations drastically improve Pi uptake by
the root system by enhancing the root surface area particularly at the topsoil where Pi is
more readily available. Various regulatory components have been identified in the study
of Pi-starvation induced root responses, including SIZ1 and WRKY75. AsV exists
naturally in soils and is assimilated by plants at the root by high-affinity Pi transporters.
In Arabidopsis, Pht1;1 has been shown to contribute significantly to AsV acquisition. A
number of physiological processes occur due to levels of AsV toxicity, e.g. inhibited
growth, anthocyanin accumulation, membrane damage, yet AsV selectivity and tolerance
mechanisms within Arabidopsis remain elusive (Shin et al., 2004; Finnegan and Chen,
2012).
Evolution has seemed to design intricate mechanisms in a plant’s tolerances to
and accumulation of AsV. For example, Pteris vittata has specialized mechanisms to
detoxify arsenic levels not at all achievable in species such as Arabidopsis. Categorized
as hyper-accumulators, the mechanisms surrounding the ability of ferns such as Pteris to
accumulate between 1 %-2 % of their dry mass arsenic within their leaves remains little
understood (Lee et al., 2003). The concept behind how plant species evolved, and under
what conditions, may be responsible for the differences seen in AsV transport and
tolerances between ferns (Pteris, 150-300 million years ago) and angiosperms
(Arabidopsis, 150 million years ago), especially if Pi transporter specificities and the
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discrimination of AsV evolved to the like (Rathinasabapathi, 2006). Even bacterial cells
have shown selectivity discrepancies in Pi and AsV transport. Pseudomonas fluorescens,
which contains a Pi uptake system that also mediates AsV transport, has been
documented to selectively bind Pi over AsV 103 times (Elias et al., 2012).
Arabidopsis mutants exhibiting an increased tolerance to and accumulation of
AsV have previously been isolated. Shin et al. (2004) documents AsV tolerances of
pht1;1Δ4Δ double knock-out lines, where mutant plants defective in Pht1;1 and Pht1;4
transport revealed the in planta role of Pht1;1 and Pht1;4 as major contributors in AsV
transport. A novel semi-dominant allele of Pht1;1, pht1;1-3, was found to enhance plant
arsenic accumulation even though the mutation reduced phosphate and arsenate uptake
abilities (Catarecha et al., 2007). WRKY6 is a transcription factor that has recently been
shown to mediate Pi/AsV transporter gene expression and restrict AsV induced
transposon activation (Castrillo et al., 2013). Aside from inhibiting PHO1 under Pideficient conditions, WRKY6 is activated in response to AsV to control expression
patterns of Pht1;1- where Pht1;1 transporters are delocalized from the PM (Chen et al.,
2009; Castrillo et al., 2013). Pht1;1 expression at the PM was further observed to be
dependent on AsV concentrations (Castrillo et al., 2013). With an ability to prevent AsV
accumulation by regulating Pht1;1, WRKY6 has been suggested to play an essential role
in the mechanism counteracting AsV uptake and transport throughout the plant.
The mutagenesis of a phosphate-binding site, Tyr312, in Pht1;1 was previously
shown to positively affect Pi uptake under low Pi conditions. We showed through a yeast
system that Pht1;1Y312D displays growth rate coefficients under low-Pi treatment
comparable to the yeast native high-affinity Pi transporter PHO84 (See Chapter 3). Here
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we found AsV to affect the growth rate of each differently, suggesting an evolved
mechanisms of plant Pi transporters non-essential and/or absent from yeast high-affinity
Pi transporters. Initial in planta studies are observed here as well; we show greater
tolerance of Pht1;1Y312D:Δpht1;1 to AsV conditions in comparison to Pht1;1:Δpht1;1.
Competitive uptake analysis further provides insight on the possible discrimination of
AsV by Pht1;1Y312D. Our findings provide initial comprehension of the functional role of
Tyr312 in planta to maintain core, plant Pi homeostasis as well as suggest internal
transporter mechanisms that bind Pi selectively over AsV.
Results
Growth of transformants on low phosphate
Pht1;1 and Pht1;1Y312D were over-expressed under the control of a 35S promoter
in wild-type (WT) Columbia and Δpht1;1 Columbia to observe phenotypic differences
that may give insight on the in planta effects of Pht1;1Y312D. Varying concentrations,
including Pi-complete (625 µM Pi) and low-Pi conditions (200 µM Pi and 100 µM Pi)
were used to make observations on root formation, shoot growth, and anthocyanin
accumulation. Lines in the WT background were overall healthier than lines in the
Δpht1;1 background based on observed signs of root and shoot growth (Figure 20, Figure
21). At 625µM Pi, the shoot size of all WT lines (WT, Pht1;1:WT, and Pht1;1Y312D:WT)
were comparable in growth (Figure 20). When compared to complete Pi levels, similar
primary root growth inhibition, the activation of lateral root growth, and shoot size was
observed with WT and Pht1;1Y312D:WT at 100 µM Pi. Pht1;1:WT was noticeably
different from these lines; the elongation of lateral roots was not observed. We generated
multiple stable lines (homozygous for the mutant) of Pht1;1 and Pht1;1Y312D in a Δpht1;1
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Columbia background. Pht1;1:Δpht1;1 and Pht1;1Y312D:Δpht1;1 showed similar primary
root growth patterns among lines with decrease levels of Pi (Figure 21). Similarities in
root growth formation were observed with Pht1;1:Δpht1;1 and Pht1;1Y312D:Δpht1;1. Here,
lateral root growth and formation seem to be enhanced when compared with Δpht1;1 at
the lowest Pi concentration. Dry weights were not measured, however qualitative analysis
suggests healthier shoot growth of Pht1;1Y312D:Δpht1;1 and Pht1;1:Δpht1;1 at 100 µM Pi
in comparison to Δpht1;1 (Figure 21).
The stress of Pi deficiency on seedlings can be quantitatively measured by
extracting anthocyanin pigments from shoot tissue. Anthocyanin extraction of seedlings
was performed on segregating lines (3:1) following 16 days of growth on varying Pi
concentrations. The accumulation of anthocyanin increased in all lines (WT, Pht1;1:WT,
Pht1;1Y312D) with decreasing Pi, but to different degrees (Figure 22 ). WT anthocyanin
levels were 1.75 fold greater than values obtained from Pht1;1:WT and Pht1;1Y312D:WT
segregating lines, suggesting stress of Pi has a greater impact on WT than over-expressed
lines. In contrast, no differences were observed between Pht1;1:WT and Pht1;1Y312D:WT
anthocyanin accumulation.
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WT

Pht1;1-OX

Pht1;1Y312D-OX

625 µM Pi

200 µM Pi

100 µM Pi

625 µM Pi

WT

100 µM Pi

Pht1;1-OX Pht1;1Y312D-OX

WT

Pht1;1-OX

Pht1;1Y312D-OX

Figure 20 Shoot and root growth study of homozygous transformants in a wild-type
Columbia background on different phosphate concentrations
Above panel: Shoot images of wild-type, Pht1;1 overexpressed (OX) in wild-type, and
Pht1;1Y312D –OX in wild-type after 15 days of growth on 625 µM, 200 µM, or 100 µM Pi.
Below panel: Wild-type (left two seedlings), Pht1;1-OX in wild-type (middle two
seedlings), and Pht1;1Y312D-OX in wild-type (right two seedlings) homozygous lines were
grown on Pi complete and low-Pi media for 12 days vertically to observe differences in
root architecture.

94

Δpht1;1

Pht1;1-OX

Pht1;1Y312D-OX

625 µM Pi

200 µM Pi

100 µM Pi

625 µM Pi

WT

Pht1;1-OX Pht1;1Y312D-OX

200 µM Pi

WT

Pht1;1-OX Pht1;1Y312D-OX

100 µM Pi

WT

Pht1;1-OX Pht1;1Y312D-OX

Figure 21 Shoot and root growth study of homozygous transformants in a Δpht1;1
Columbia background on different phosphate concentrations
Above panel: Shoot images of Δpht1;1, Pht1;1-overexpressed (OX) in Δpht1;1, and
Pht1;1Y312D-OX in Δpht1;1 after 15 days of growth on 625 µM, 200 µM, and 100 µM Pi.
Below panel: Δpht1;1 (left two seedlings), Pht1;1-OX in Δpht1;1 (middle two seedlings),
and Pht1;1Y312D –OX in Δpht1;1 (right two seedlings) homozygous lines were grown on
Pi complete and low-Pi media for 12 days vertically to observe differences in root
architecture.
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Figure 22 Anthocyanin accumulation in Pht1;1:WT and Pht1;1
:WT
1Y312D
Pht1;
and Pht1;1 were overexpressed in wild-type Columbia. Anthocyanin
accumulation of Pht1;1Y312D and Pht1;1 segregating lines (showing 3:1 segregation) were
compared with wild-type Columbia anthocyanin levels following 16 days of growth on ½
MS media with high-Pi (625 µM Pi) and low-Pi (200 µM and 100 µM) concentrations.
Data are means ± S.E. (n=4).
Pht1;1Y312D may induce a tolerance to arsenate
From our initial AsV studies, phenotypic observations were less distinct in overexpressed WT lines, however chlorosis of Pht1;1:WT was apparent (Figure 23).
Meanwhile, we observed tolerance of Pht1;1Y312D:Δpht1;1 stable lines similar to Δpht1;1.
As expected, Pht1;1:Δpht1;1 over-expressed lines began to show signs of inhibited
growth as low as 30 µM of AsV with significant differences in growth and increased
chlorosis at 60 µM levels of AsV. Fresh weight measurements of Pht1;1Y312D:Δpht1;1
and Pht1;1:Δpht1;1 seedlings grown on 60 µM AsV show a 1.5 fold difference in shoot
growth between lines (Figure 24 ).
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0 µM AsV

60 µM AsV

WT
Pht1;1Y312D: WT
Pht1;1Y312D: WT

Pht1;1: WT
Pht1;1: WT
Pht1;1: WT

Figure 23 Over-expressed wild-type homozygous lines grown on arsenate
WT, Pht1;1Y312D: WT, and Pht1;1: WT homozygous lines were grown on ½ MS media ,
Pi-complete plates (625 µM) with different concentrations of KH2AsO4 (0 µM and 60
µM) for 15 days under long day conditions.
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0 µM AsV

30 µM AsV

60 µM AsV
Δpht1;1

Pht1;1: Δpht1;1 lines
Pht1;1Y312D: Δpht1;1 lines

Pht1;1Y312D: Δpht1;1

Pht1;1: Δpht1;1

Pht1;1Y312D: Δpht1;1

Pht1;1: Δpht1;1

Pht1;1Y312D: Δpht1;1

Pht1;1: Δpht1;1

Pht1;1Y312D: Δpht1;1

Pht1;1: Δpht1;1

Average Fresh Weight (Shoot) Per
Plant after growth on 60 µM AsV
mg
2.51 ± 0.236
3.67 ± 0.158

Figure 24 Pht1;1Y312D: Δpht1;1 homozygous lines show tolerance to arsenate
Δpht1;1, Pht1;1Y312D: Δpht1;1, and Pht1;1: Δpht1;1 homozygous lines were grown on ½
MS media , Pi-complete plates (625 µM) with different concentrations of KH2AsO4 (0
µM, 30 µM, and 60 µM) for 14 days under long day conditions. Fresh weight
measurements of Pht1;1Y312D: Δpht1;1 and Pht1;1: Δpht1;1 lines were taken following
growth on 60 µM of AsV. Results were obtained from the average of two replicates and
are the mean from each of 4 lines ± S.E. (n=4).
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The competitive effect of AsV in the Pi uptake system in plants can be observed
in yeast cells through means of uptake analysis as previously used (See Chapter 3).
Further observations on whether AsV tolerance of Pht1;1Y312D:Δpht1;1 plants is attributed
to changes in uptake were measured. AsV was added at a constant concentration of
100µM with increasing Pi concentrations. Theoretically, because a competitor molecule
(i.e. AsV) is now involved in transport, we would expect to see decreases in the binding
affinity of the measured substrate (i.e. P) and thus an increase in the Km value. When
compared with values obtained previously under AsV-lacking conditions (Table 2), we
observed an increase in Km values for Pht1;1 (827±380 µM) but not for Pht1;1Y312D
(537±159 µM) (Table 3).
This finding was not recognized in the growth assay heterologous system; rather
we obtained different functional characteristics existing between Arabidopsis and
Saccharomyces Phts. Using the yeast growth assay system, we measured growth rates of
Pht1;1 and Pht1;1Y312D in 35 µM Pi with and without 4.5 µM of AsV (Figure 25). Growth
was monitored alongside usual positive and negative controls, Pho84 and empty pYES2
vector respectively. Tolerances were calculated by measuring the difference in the growth
of strains in media lacking AsV and media with AsV (Figure 26). As expected, yeast
strains not expressing a high-affinity Pi system (pYES2), yielded the highest tolerance to
AsV (76.76 %). Because we observed similar growth of Pho84 and Pht1;1Y312D under low
Pi conditions (See Chapter 3), we expected to see similar growth patterns under AsV
conditions. To our surprise, Pht1;1Y312D tolerance to AsV (66.12 %) was more than two
times greater than the tolerance measured for Pho84 (27.85 %). While this tolerance was
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significantly less than the tolerance observed by Pht1;1 (73.92 %), it may reveal a
structure-embedded mechanism of Arabidopsis Phts to select against AsV.
Table 3. Kinetic properties of 32P uptake assays with arsenate
Representative PAM2 yeast transformants expressing Pht1;1 and Pht1;1Y312D cDNAs
were used in 32P uptake assays, measured for multiple phosphate concentrations between
0 and 1000µM for 6 minutes with a constant KH2AsO4 concentration of 100µM. The
kinetic constants were calculated from Lineweaver-Burk analysis generated via
hyperbola regression for results obtained from three independent experiments run in
duplicate and are the mean ± S.E. (n = 3).
Km
µM
827±380
537±159

Pht1;1
Pht1;1Y312D

Vmax
pmol 10 cells-1 min-1
67±16
889±102
7

0.2
-AsV

0.18

+AsV

Growth Coefficient

0.16
0.14
0.12
0.1
0.08
0.06
0.04
0.02
0

PHO84

pYES2

Pht1;1

Pht1;1Y312D

PHO84

pYES2

Pht1;1

Pht1;1Y312D

Figure 25 Growth of Pht1;1 and Pht1;1Y312D in arsenate
Yeast strains were grown in 35 µM Pi with and without 4.5 µM of KH2AsO4 (AsV). The
growth coefficient was generated from repeated exponential growth experiments and
derived using regression analysis (where n=4, 0.999≥R2≥0.8865). Data are means ± S.E.
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Figure 26 Arsenate tolerance of yeast strains
Similar growth of Pho84 and Pht1;1Y312D in AsV was observed. Pht1;1Y312D tolerance to
AsV (66.12 %) was more than 2 times greater than Pho84 tolerance (27.85 %). Data are
means ± S.E. (n=4).
Discussion
Previously we observed an increase in uptake capacities with the mutation of
Tyr312 through a yeast heterologous system. When Pht1;1Y312D is expressed in planta in
a wild-type and Δpht1;1 background, we observed subtle positive differences in growth
and preliminary Pi stress assays. Our above-soil analysis, that is the growth of shoots on
½ MS media with varying Pi concentrations, show that at low Pi levels (100 µM) shoot
growth of Pht1;1Y312D:WT and Pht1;1Y312D:Δpht1;1 is greater than Pht1;1:WT and
Pht1;1:Δpht1;1 (Figure 20, Figure 21). These larger shoot areas may corroborate with our
anthocyanin extraction assays analysis which revealed a lower level of pigment in
Pht1;1Y312D:WT segregating lines when compared with WT segregating lines (Figure 22).
Growth rate data obtained previously from a low Pi study (See Chapter 3) found
that Pho84 and Pht1;1Y312D have similar growth coefficients. While we expected to
observe similar patterns in the growth of Pho84 and Pht1;1Y312D in the presence of AsV,
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we observed the opposite; while growth of Pho84 in AsV was highly affected by AsV
(decrease of 72 %), growth of Pht1;1Y312D decreased by only 34 % (Figure 25, Figure 26).
This could be suggesting that Pht1;1 may discriminate against AsV by another regulatory
component or trait non-existent in yeast high-affinity phosphate transporters. Although
growth coefficients were determined to be significantly different between Pht1;1 and
Pht1;1Y312D, we suggest that the higher tolerance by Pht1;1Y312D (compared to Pho84)
may be due to a particular protein mechanism characteristic of Arabidopsis Phts. As
previously mentioned, this may be a divergent quality of Phts from higher eukaryotes (i.e.
plants versus yeast). Further studies could determine whether AsV selectivity and binding
capabilities is sequence related by comparing conserved motifs and/or residues of root
Phts among yeast, Arabidopsis, and hyper-accumulator plants, such as Pteris, involved in
AsV transport.
Pht1;1 expression at the PM has been shown to be rapidly regulated by the
concentration of AsV in a concentration-dependent manner (Castrillo et al., 2013). The
repression of Pht1;1 expression at the PM by WRKY6 in response to AsV restricts its
uptake. It would be interesting to observe whether AsV also mis-localizes the expression
of Pht1;1Y312D at the PM. Such observations may correlate the state of Pht1;1, whether as
an oligomer or monomer, with AsV uptake capacities. Here we show that
Pht1;1Y312D:Δpht1;1 has tolerance to AsV comparable to Δpht1;1, where the growth of
Pht1;1 over-expressed lines (Pht1;1:Δpht1;1) is severely inhibited (Figure 24). While the
similarities between Pht1;1Y312D:Δpht1;1 and Δpht1;1 under AsV conditions may confer a
lack of function in transport associated with Pht1;1Y312D, we show that uptake capacities
of Pht1;1Y312D are uninhibited in the presence of AsV (Table 3). Meanwhile, a 1.5-fold
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difference was observed in the Pht1;1 binding affinity between both assays, i.e. results
obtained with and without AsV (Table 2, Table 3). While this observation is not strong
enough evidence to corroborate the observed in planta tolerances of Pht1;1: Δpht1;1
(Figure 24).
Further in planta studies may suggest that by mutating Tyr312 to an Asp we have
increased Pi uptake capacities while concurrently altering AsV uptake and/or transport.
This phenomenon has been previously observed in Catarecha et al.’s (2007) study of the
pht1;1-3 semi-dominant mutant, where enhanced arsenic accumulation capabilities are
linked to the reduced Pi and AsV uptake capability of Pht1;1. Here, a missense mutation
within the N-terminal domain, G378E, contributes in the significantly lower rates of Pi
and AsV uptake while simultaneously enhancing As accumulation. While Gly378 has not
been implicated as a Pi-binding site (Pedersen et al., 2013), it is a highly conserved
residue among Phts similar to Tyr312 (Catarecha et al., 2007; Nussaume et al., 2011;
Pedersen et al., 2013). Studies on whether we have enhanced or discriminated against
AsV accumulation should be performed, e.g. ICP-MS of shoot tissues, to distinguish the
cause for observed tolerant growths of Pht1;1Y312D-OX: Δpht1;1 at 60 µM levels of AsV.
The focus on Pht1;1 homo-oligomerization in Chapter 3 determined the direction
of the in planta studies documented within this chapter. It is crucial to keep in mind that
Pht1;4 homomeric and heteromeric capabilities with Pht1;1 have been described (Chapter
2). Previous work also implies the role of Pht1;4 in Pi and AsV uptake as an individual
transporter as well as alongside Pht1;1 (Shin et al., 2004; Park et al., 2014). The in planta
role of the Pht1;1-Pht1;4 heteromeric complex (Chapter 2) under varying Pi and AsV
conditions could improve our understanding of functional variations associated with
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heteromeric complexes. Such indications could improve understandings of diverse
features existing between Pht1;1 and Pht1;4 that have not yet been established. In
addition, dynamic regulatory properties affiliated with heteromeric transporter complexes
may be further defined (Reinders et al., 2002b; Ludewig et al., 2003; Marianayagam et
al., 2004).
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Chapter 6. Conclusions
Plants require a particular proportion of mineral nutrients for proper growth and
development. The assimilation of these minerals occurs at the root system. Following
uptake and transport, nutrients are distributed throughout the plant. Of the macronutrients
required for a majority of metabolic processes, phosphate (Pi) is the least available in
soils. As a result, high affinity phosphate transporters play a crucial role at the root-soil
interface by maintaining a flux of Pi uptake as deemed appropriate by the plant Pi
signaling pathway to maintain Pi homeostasis. At the site of root Pi transporters (Phts), a
concentration gradient of expansive differences exists between the extracellular Pi
concentrations. i.e. soil, and the intracellular Pi concentration, i.e. root epidermal cell
environment. Because of the varied levels of concentrations present, Phts, including
Pht1;1 and Pht1;4, must be regulated to cope with large ranges of Pi concentrations.
Intricate Pi signaling systems mediate the expression of Phts based on Pi availability.
When studying interaction capabilities of Pht1;1 and Pht1;4, we observed
homomeric and heteromeric synergy in vivo and in vitro (Figure 10, Figure 11). We
found a highly conserved motif among Pi transporters, previously reported to contain
putative Pi binding sites (Pedersen et al., 2013), to be associated with Pht1;1 homomeric
interaction and transport (Figure 12). Through the mutagenesis of Tyr312 to an Asp, we
disrupted Pht1;1 interaction and increased Pi uptake capacities (Figure 17, Figure 19).
While the Km of Pht1;1Y312D was not affected at low Pi conditions in yeast when
compared to the Pht1;1 wild-type transporter, we observed a 7.7 fold increase in Vmax
(Figure 17, Figure 19). In planta studies were performed to compare these variances
between Pht1;1 with Pht1;1Y312D. Observations were more substantial when Pht1;1 and
Pht1;1Y312D was over-expressed in a Δpht1;1 Columbia background. Through this
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analysis, we were able to ascertain putative in planta functional differences caused by the
Tyr312 mutation. Under low Pi conditions, we observed healthier shoot growth of
Pht1;1Y312D:Δpht1;1 than Pht1;1:Δpht1;1 (Figure 21). Although only a qualitative
analysis, these observations could better identify the regulatory components, e.g. genes
associated with Pi remobilization, involved in maintaining Pi homeostasis. Nonetheless,
these initial measurements help to validate the reasoning behind an increase in Pi uptake
capacity (Figure 17, Figure 19). Root development under low Pi conditions is
demonstrated by the initial root studies in this dissertation (Figure 20, Figure 21). If lowPi levels do not impair seedling development, we would have expected to observe
uninhibited primary root growth and normal lateral root growth and development. Rather,
the root system of lines over-expressing Pht1;1Y312D exhibited signs of Pi induced stress
at 200µM and 100µM levels of Pi. With this, the experimental procedure followed here,
where seedlings were immediately exposed to varying Pi concentrations, should be
optimized to better understand the regulatory role of Pht1;1Y312D under low Pi conditions.
Following transition of wild-type plants from Pi-deficient conditions to Pi-sufficient
conditions, down regulation of Pht1;1 transcripts does not occur for 24 to 48 hours (Liu et
al., 2014b). Taking this into consideration, the functional advantages of Y312D in Pi
uptake may be more applicable within the lag time that exists between Pi statuses.
The root Pi transport system is involved in AsV assimilation from the soil. Here
we have provided insight on the Pi/AsV competitive nature displayed by Pht1;1. We have
also provided support on the differences that exist between yeast and Arabidopsis highaffinity Phts in association with AsV transport. Here we show that growth of yeast
expressing Pho84 from Saccharomyces cerevisiae is greatly affected by AsV in
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comparison to cells expressing Arabidopsis Pht1;1 (Figure 26). By mutating Tyr312, we
observed a significant increase in Pi transport while AsV transport was minimally
disturbed. When measuring the effect on Pi binding affinity through

32

P uptake assays

with AsV, while Km values of Pht1;1 increased as expected, Pht1;1Y312D Km values were
unchanged (Table 3). These Pi uptake assays in the presence of the AsV competitor may
further support our in planta studies. When Pht1;1Y312D was over-expressed in the
Δpht1;1 Columbia background, we observed significant differences in plant growth and
tolerances at 60µM when compared to Pht1;1 over-expressed lines (Figure 23). While
these phenotypes were similar to the Δpht1;1 control and may suggest a loss-of-function,
our uptake assays support that we have increased Pi uptake capacities while
simultaneously discriminated against AsV (Figure 23). Nonetheless, an extensive
analysis, e.g. elemental composition in the plant, AsV concentrations in media, activation
of AsV detoxifying metabolites, would need to be performed to validate these
observations.
The function of oligomerization and how it can be associated to a substrate-active
site responsible for Pi, and potentially AsV, specificities needs be further investigated.
Here we have further analyzed the Pht WFLLDIAFY motif by means of exploring how
Pht1;1 from Arabidopsis plays a critical role in Pi uptake and transport. Based on
previous observations of this Pht motif, Trp304, Asp308, and Tyr312 have been
identified as proton-binding sites involved in Pi transport activity (Popova et al., 2010;
Samyn et al., 2012; Pedersen et al., 2013). Here, we have enhanced an understanding of
these residues by providing oligomerization analysis through means of split luciferase
activity. Uptake analysis on these particular residues, although previously established for
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the comparable residue Asp308 in Pho8, could strengthen our claims of the putative
involvement of the active site in Pht1;1 homomeric interaction. While focusing studies on
this conserved motif could better associate substrate binding to the overall higherstructure of Phts, an analysis on the involvement of either half of the transporter, i.e. Cdomain and N-domain, with the oligomerization of Phts should be performed. Based on
simulations and modeling of known oligomeric MFS structures, it is proposed that the Cdomain is involved in substrate binding, e.g. Pi and proton binding, while the N-domain
mediates the movement of the transporter to facilitate transport across the membrane
(Abramson et al., 2003; Kaback et al., 2011; Pedersen et al., 2013). The involvement of
either terminus in protein interactions has been previously studied in plant potassium
channels and nitrate transporters (Obrdlik et al., 2004; Sun et al., 2014). While we do not
suspect a direct involvement of Tyr312 with the interaction interface of Pht oligomers,
deletions tests could demonstrate the physical involvement of either the C-terminus or Nterminus in Pht oligomer assembly.
Phts co-transport Pi and AsV and their competitive behavior, e.g. type of
inhibition and the ratio of Pi:AsV molecules involved in transport, remains unclear.
While we observed an AsV-tolerant phenotype of Pht1;1Y312D in plants and an unvarying
binding-affinity of Pi in the presence of AsV, the mechanisms involved in these resistant
properties should be studied to confer the functional involvement of Tyr312 in AsV
transport. Our observations may provide insight on how to further analyze the
detoxification process occurring upstream of AsV acquisition and/or Pht structureassociated partiality to Pi over AsV. In addition, Pht1;4 has been demonstrated here to
interact with itself and Pht1;1 (Chapter 2). A look at how changes of this tyrosine residue
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in Pht1;4 alters in planta functions, in particular with AsV transport, may further aid in
correlating the higher-order structure of Pht1 transporters with functional roles. Such
studies would enhance our current understandings of Pi and AsV specificities to establish
appropriate approaches in the engineering of plants with decreased sensitivity to Pideficient environments and/or enhanced resistance to AsV.
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Appendix
Appendix Table 1. Gateway compatible PCR primer sequences for pDONR
Primer
PHT1;1-S
PHT1;1-AS
PHT1;1-AS
PHT1;1-AS -stop
PHT1;4-S
PHT1;4-AS
PHT1;4-AS-stop
AMT1;1-S
AMT1;1-AS
AMT1;1-AS-stop

Primer sequence
5’ GGGGACAAGTTTGTACAAAAAAGCAGGCTYYATGGCCGAACAACAACTAGG 3’
5’ GGGGACAAGTTTGTACAAAAAAGCAGGCTYYATGGCCGAACAACAACTAGG 3’
5’ GGGGACCACTTTGTACAAGAAAGCTGGGTYTTTCTCGTCATGGCTAACCTC 3’
5’ GGGGACCACTTTGTACAAGAAAGCTG 3’
5’ GGGGACAAGTTTGTACAAAAAAGCAGGCTYYATGGCAAGGGAACAATTACAA 3’
5’ GGGGACCACTTTGTACAAGAAAGCTGGGTYAACTATTGGGACCGTTCTACTATCA 3’
5’ GGGGACCACTTTGTACAAGAAAGCTG 3’
5’ GGGGACAAGTTTGTACAAAAAAGCAGGCTYYATGTCTTGCTCGGCCACCG 3’
5’ GGGGACAAGTTTGTACAAAAAAGCAGGCTYYATGTCTTGCTCGGCCACCG 3’
5’ GGGGACCACTTTGTACAAGAAAGCTGGGTCTCAAACCGGAGTAGGTGTAG 3’

Appendix Table 2. pYES2 vector compatible PCR primer sequences
Primer
Pht1;1-AS-XhoI
Pht1;1-S-HindIII
PHO84-S-XhoISalI
PHO84-AS-SphIBamHI

Primer sequence
5’ TAGCTGCTCGAGTTATTTCTCGTC 3’
5’ TACGTCAAGCTTATGGCCGAACAA 3’
5’ TACGTCCTCGAGGTCGACATGAGT 3’
5’ TAGCTGGGATCCGCATGCTTATGC 3’

Appendix Table 3. Primer sequences for mutagenesis constructs
Primer
Pht1;1-S-reLLaeAed
Pht1;1-AS-reLLaeAed
Pht1;1-S-rFLLDIAFY
Pht1;1-AS-rFLLDIAFY
Pht1;1-S-WeLLDIAFY
Pht1;1-AS-WeLLDIAFY
Pht1;1-S-WFLLaIAFY
Pht1;1-AS-WFLLaIAFY
Pht1;1-S-WFLLDeAFY
Pht1;1-AS-WFLLDeAFY
Pht1;1-S-WFLLDIAeY
Pht1;1-AS- WFLLDIAeY
Pht1;1-S-WFLLDIAFd
Pht1;1-AS- WFLLDIAFd
Pht1;1-S-WFLLDIAFa
Pht1;1-AS- WFLLDIAFa
Pht1;1-S-WFLLDIAFf
Pht1;1-AS- WFLLDIAFf

Primer sequence
5’ CTACCTCCACACGGGARTTGCTTGCCGARGCCGARGACAGCCAAAACTT 3’
5’ AAGTTTTGGCTGTCYTCGGCYTCGGCAAGCAAYTCCCGTGTGGAGGTAG 3’
5’ CTACCTCCACACGGTTTTTGCTTGACATTGCCTTCTACAGCCAAAACTT 3’
5’ AAGTTTTGGCTGTAGAAGGCAATGTCAAGCAAAAACCGTGTGGAGGTAG 3’
5’ CTACCTCCACATGGGARTTGCTTGACATTGCCTTCTACAGCCAAAACTT 3’
5’ AAGTTTTGGCTGTAGAAGGCAATGTCAAGCAAYTCCCATGTGGAGGTAG 3’
5’ CTACCTCCACATGGTTTTTGCTTGCCATTGCCTTCTACAGCCAAAACTT 3’
5’ AAGTTTTGGCTGTAGAAGGCAATGGCAAGCAAAAACCATGTGGAGGTAG 3’
5’ CTACCTCCACATGGTTTTTGCTTGACGARGCCTTCTACAGCCAAAACTT 3’
5’ AAGTTTTGGCTGTAGAAGGCYTCGTCAAGCAAAAACCATGTGGAGGTAG 3’
5’-CTACCTCCACATGGTTTTTGCTTGACATTGCCGARTACAGCCAAAACTT-3’
5’-AAGTTTTGGCTGTAYTCGGCAATGTCAAGCAAAAACCATGTGGAGGTAG-3’
5’ CTACCTCCACATGGTTTTTGCTTGACATTGCCTTCGACAGCCAAAACTT 3’
5’ AAGTTTTGGCTGTCGAAGGCAATGTCAAGCAAAAACCATGTGGAGGTAG 3’
5’ CTACCTCCACATGGTTTTTGCTTGACATTGCCTTCGCCAGCCAAAACTT 3’
5’ AAGTTTTGGCTGGCGAAGGCAATGTCAAGCAAAAACCATGTGGAGGTAG 3’
5’ CTACCTCCACATGGTTTTTGCTTGACATTGCCTTCTTCAGCCAAAACTT 3’
5’ AAGTTTTGGCTGAAGAAGGCAATGTCAAGCAAAAACCATGTGGAGGTAG 3’
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Appendix Table 4. RT-PCR gene-specific primers
Primer
Pht1;1-1166-S
Pht1;1-1392-AS
PHO84-1400-S

Primer sequence
5’ TTGCCTTCCCTTACAACCAC 3’
5’ TTGAGCCGCATATAGGAACC 3’
5’ TCCAAAACTTCGGTCCAAAC 3’

PHO84-1604-AS
ScActin-S
ScActin-AS

5’ TCCATGACGTGAGGTAACCA 3’
5’ ACATCGTTATGTCCGGTGGT 3’
5’ CGGTGATTTCCTTTTGCATT 3’
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